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EXCERPTS FROM "MECHANICS OF AEROSOLS"

[Pﬁges 7-25}

CHAPTER 1

CLASSIFICATION OF AEROSOLS, SIZE AND SHAPE OF PARTICLES IN ARROSOLS

1. Classification of Aerosols

Aerosols, or aerodispersion systems, are dispersed systems
with a solid or liquid dispersed phase in a gas medium. Up to the
present time there has been no single universal classification o
aerosols and no single system of designation of various types of aero-
gols; technical literature in this respect is completely arbitrary.

L]

we suggest that a rational classification of aerodispersion systems

must be based on differences between dispersion and condensation aero-=
gsols on one hand, and between systems with solid and liquid dispersed
phases, on the other. In addition, the designation of individual types
of aerosols must, as far as possible, coincide with the common, non=-
technical names given to aerosols (highway dust, natural fog, oven

steam, etc).

pispersion aerosols are formed through the dispersion (pulveriza-

tien, atomization ot solid and liquid bodies and tranéition of pulverized
bodies intc a suspension stated under the action of air currents, vibra-
tions, etc. Condensation aerosols are formed threugh the volumetric con-
densation of oversaturated vapors and as. the ‘result of gas reactions

leading to the formation of nonairborne products, such as soot. The dit-

ferences between these two classes of aerodispersion systems. in addition

to the metE@d of origin, are that dispersion gercosols in most cases are

considerably ceargexr than condensation aerosols, have a greater degree
of pblydispersion end, in the case of a solid dispersion phase, wsually
cnnsist of individual, or slightly agglomerated particles of very irregular

shape ("fragments"). Ia condensation aerosols the solid particles very
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quickly form loose aggregates consisting of very large numbers of

primary particles which have regular crystalline or argular shapes.

The differences between aerosols with liquid and solid dis-~
persion phases are seen in the fac& that in the former the particlas
have a rogular spherical shape, and in coagulation new spherical in-
dividual particles are formed. Solid particles may have extremely
varied shapes which, upon coaguldtion form more or less porous ag=
gregates, also with extremely varied shapes, the apparent density of
which may be several times less than the density of the substance of

which they consist.

Based on the foregoing, the designation of various types of

aerosols in this book are the following.

Regnirdless of the degree of dispersion, hoth condensation and
dispersion aerosols with liquid particles will be called fogs; in
the Russian language they are ro!ééred to be the sawe word (natural,
i.a., condensation fog, fog formed by the atomization of falling
water, etc). In the given case the difference between condensation

and dispersion systems is not very great.

Dispersed aerosols of solid particles, regardless of the degree
of dispersion, will be calied dusts. The existing opinjon that only
coarse;dispersion systems may be called dusts is incorrect: dusts
%1th a high degree of dispersion may be formed Qy artif%gial separa=

tion, or by natural sepzration taking place in the atmosphere.

Finally, condensation aerosols with a solid dispersion phase
will be called smokes. This may not include systems of condensation
origin, containing both solid and liquid particles, the most important
exanple of which are smokes formed as & yesult of incomplete combustion
of fuels, smokes of hygroscopic substances (such as ammonium chloride),

the particles of which may be solid, semi~liquid or liquid, depending

v




upon the humidity of the medium, smokes of easily supercooled organic
substances in which liquid particles gradually change inte crystalline
particles, ote. It is noted that the demarcation between smokes and
condensation fogs, and even strict adherence to the proposed terminology
sometimes is fairly difficult. However, this demarcation is 8till .
easier than that used by English language authors who combine both

types of aerosols under the same term {smoke) .

Furthermore, in practice, aerosols frequently are encountered
which contain particles of both dispersion and condensation origin.
Thus, furnace smoke alvays contains more or less quantities of salts
mechanically carried awvay from the furnace grate; the so=called
"atmospheric nuclei of condensation" consist partially of a fine
spray of sea water, and partially of droplets of sulfuric acid formed
by oxidation of sulfuric anhydride of furnace gases. The air of in-
dustrial centers contains large amounts of aggregates of soot, salts,
products of the dry distillation of carbon and atmospheric moisture
in proportions of from tens of microns to tens of miliimeters in
length. These aerosols may not be included in any of the exiting

classifications and the term proposed for them is "smeg" (smoke + fog).

All the above mentioned types ;f aerésols may have extrameli
varied dispersion, which has a great influence on almost all the
properties of dispersed systems. Because of this it is appropriate
to divide aerosols inte high dispegdion and coarse dispersion sistems

(see Figure 1),

In the theory of aerosols the word "cloud” is used by several
foreign [1] and Soviet {2] authors to indicate all condensation aerosols
with particles of 10~5 cp diameter. In phe Russian’language this word

has an entirely different meaning: a cloud means a free merodispersion

system of any typo (highway dust, dust cloud, a puff of’ gun smoke, ete)
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having definite size and

this sense in this book, also.

2. The Size of Particles in Aerosols

In the problem of the lower limit of the size of particles iﬁ,
an aerosol it must be taken 1ntp account that the size of very fine
particles (approximately 10'7 cm) may be determined by‘at least two
methods:

(1) measurement of_the movement of particles in an électric dield
(see paragraph 2%) yith the use of an electrometer, and

[

(2) measurement of the coefficient of diffusion of particles,

usdélly through the use of electrometric methods. Thus, in both

methods odfy charged particles way be measured.

Experiments have shown that there are two types of charged
particles in gases, called small (gaseous or light) ions, and large
(heavy or medium) ions. The movempnt of the former is in the order of
units, and of the latter in the order of 10™° to 10~% cm® per'l sec™l,
At the present time it has been established that gaseous ions are
molecular agéregates. formed from the chsrga& central molecules (more

properly, ions) and clouds of neutral gas molecules connected to-them

by electrostatic and molecular attraction.

He;vy ions, in distinction from l;ght ioﬁs, are formed onlyain~
‘gases containing solid or liquid particles in shiﬁénéion.‘i.e., comprise
the charged portion hiéh-disperslon‘ae;ps%}s, "Medium"” ions, with mo-
bility of 10°3 to 1071 cm2 per"1 sec™t hqye been discovéred, and particles
with 0,2 cm? per'l sec'l mobility areicbntained in the combustion pro-
ducts of illumination gas and in sodium flames [3,4]. Mobility of the
latter degree also is found in gaseous ions ;t-f;e vapors of several

organic substances [4], such as gﬁyl alcohol. ' Thus, gaseous ions cannot

v :
be distinguished from. charged particles in aerosols on the basis of

mobility, but {Eﬁ different behavior of ions and particles with resﬁéct

-4.-
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to coagulation may be put to use. In coaguiation (recombination),

the gaseous ions which'form the neutral molecular complex immediately
decompose, i.e., the ions disintegwate. In the coagulation of aerosol
particles, which is not conpected wiph ;ha presence of charges, much larger
particles are formed. Actually, the mobility of_the above mentioned ions
which are formed inflames undergoes a several hundred-fold decrease in
approximately one second [3,41. Because the probability of the pre~

sence of pultip;o charges on particles rapidly decreased witﬁ a reduc~

tion in the size of the particles (sgee equation (27.3)) it may be as-

sumed that theso ions oxhibit a single, elementary charge. In this

case a8 mobility of 0.2 cm? per'1 sec-l corresponds to a radius of

1.5 - 1077 cm (see Table 3). Ia view of the Zact that the charged par=
ticle content of an aerosol also decreeses rapidly with a decrease in

the size of particles it is quite possible that many very fine harticles

S e v S S I L o

are present which cahnot be detected oi measured. (Particles of the

order 107 en may be detected with condensation nucleus meters, but
their size remains undetermined by this method.) Curiously, this
minimum size of aerosol particles has Ss2en obtained in electron micro-
scope investigations because this size conforms to the erucial limits

of magnification of the electron microscope. However; the abundance

of particles with a radius of r = 1.5 - 1077 cm (for example, in
silver iodide smoke [8]) forces the conclusion that they contain
-8till smaller particles. It is noted that only considerably larger

particles of aerosols may be detected by ultramicroscopic mathods.

This is the status of the experimental side of the problem.

Theoretically it is &uite possible that a substance with a very stable
crystalline lattice may give an aerosol with particles 2 or 3 molecules
in diameter. It is true, however, that because of very high speed of
diffusion of such particles they‘precipitaté extremely quickly on much l

larger particles (see'paragfaph 49), on walls, etc.
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Turning to the problem of the upper 'limit .of the size 'of par-

ticles in aerodispersion systems, it is noted that in systems with a

ﬁbn-mobile medium particles with a diameter of only several hundred
microns precipitate so fast that detection of their sBuspension state
48 difficult. On the other hand, in rapidly rising or turbulent air
currents, such as those.found in cumulo-nimbus clouds' from which rain
1s~£a1}1ng, the 1ifting of loose material by the air, tluidizqtion of
catalysts, during sand- and sncw-storms, etc, particles several milli-
metera in diameter may be found in the suspended state. Because of

the current importance of the ebove mentioned problems, these particles

A £, et e e ot G S S0

also must‘be taken into consideration in the mechanics of aerosols.

Thus, the study of aerosols encompasses systems with a very
wide range of dispersion, from 10‘7 to 1().1 cm, 1t is not surprising
that the transition from the lower to the upper 1imit is accompanied
not only by quantitative changes of almost all physical properties of
aero;ols, but also by changes in the laws which express these changes.
This is especially apparent in the exaaple of the law of resistance of
a gaseous medium to the motion of particles. For very fine particles
(r ¢ 10"6 cm),,resistaﬂce is proportional to the speed and the square
of the rédius of the particle Between 10'-6 and 10'4 cm there is a

gradual transition to the law of Stock~ resiétance rem=in5’proportional

to speed, but the Squlre function of the radius takes on a linear

character. With a greater increase in radius there is an additional
deviation from the law of Stock: at not too low speeds the propor=

tionality of resistance to speed is disrupted, and at fairly high

) - .
séeeda and large diameter of particles the resistance is at.the first

approximation proportional to the square of the radius and the square

of the speed (see equations 10.2, 10.3, and 10.4).

Changes in the charncter of laws which regulate several more

important properties of aerosols are shown in Pigure 1i here, in all




cases, the transitional region is mostly between 0.5 to 1 l()"'5 to
107% em. It is not surprising that the properties are combined 'in
Figure 1 in groups 1 and 2, because these properties are connected
with the ratio of the radius of the particles to the length of the.
free path of gas molecules composing air .at an .atmospheric pressure
of approximately 10'5 cm, or the average length of a wave of visible
light (A= 0.55 - 10™ cm). 7This coincidence has a circumstantial
character for the remaining properties, The facts cited above enable
the establishment of & natural classification of aerosols according

to dispersion.

The gfoﬁp of high~dispersion aerosols with a radius of particles
primarily less than 0.5 to 1 * 10> cm is chdracterized by the fact
that the resistance to movement, the speed of evaporation and condensa-
tion of particles is proportional to r2 » the diffusizn of light by
particles is proportional to r6 , and the coagulation constant is a
function of r . The particles are invisible through ordinary micro-
scopes and may be detected by ultramicroscopy only under very favorable
conditions. The vapor pressure of the dispersed phase of these ‘mero=~
sols noticeably exceeds the normel vapor pressure of the substance.
Consequently, a rapid Aeating up" of the smaller partiocles by the larger
ones may take place in the latter. Finally, Brownian m0vemént of the

particles has a prevailing influence on precipitation due to gravity.

In coarse disﬁersion aerosols with a radius of particles greater
than 104 c@ both the si;g and shape of particles may be determined with
the gi& of a micrescope: tﬁe coagulation c;nstant does not depent on r ;
precipitation has considerable prevslénce over Brownian movement, and all
the laws mentioﬁed above alterﬂﬁte with each other, -as shown in Figure 1.

Finally, systems with a radius of particles of 0.5 - 1 - 10'5 0

\

1074 cm are best isclated in a specisl group of Qéerosols of average

\
Al




dispersion and with transitional properties. It must be noted that

this group plays a very great role in research on aerosols because

this size of particles is very’fsvorable for ultramicroscopy, which

is .one of the basic methods 9£ studying serosols. In addition, in

the formation of condensation aerosols from substances with poor
flexibility of the vapor phase this is the type of system which usually

is obtained in practice.

3. pistribution of the Size of Particles in Aerosols

Most natural and artificially obtained aerqsols have a fairly
significant degrece of polydispexrsion. (Relatively monodispersion
aerosols, obtained from the Lamer [6] generator and in the formation
of flower pollen and the spores of several plants: the particles of
clover pollen lie within the limits 24.8 to 26.9’0 {7].) In view of
the great dagree of dependence of the physical properties of aerosols
on their dispersion, as mentioned above, the “average” size of par-
ticles in most cases is inadequate for the classification of aerodis-
persion systems; it is necessary to take into account the distribution
of the size of particles. Before the invention of the electron micro-
scope the ordinary microscope was used for this purpose, which permita
measurement only of the particles of coarse gerosols (r>3 to 5 -,10'5 cﬁ)
_or the corresponding fraction of high dispersion aerosols. Only the
general number of particles of the finer fracticns of the latter were
determined without measurement of their size, or else these fractions

'usually were disregarded. At the present.time the distribution of the

size of particles of aerosols may be determined in systems with a par-

ticle dianmeter of larger than 1 or 2 ° 10°7 em.

The distribution of particle sizes may be expressed in several

ways. The number of particles df , the radid of which are between
(r, r + dr) way be expressed as:

df = £(r)-dr (3.1)
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under the conditions

. The curve expressing the tunction f(r) is called the dis—

* -.n. N

" tribution density curve of the ditfercntial curve ot the distribution
-of the size of. particlas (Figure 2) or, more precisely, the curve ot
the compuEed distribhtibn,ninldistinction from the \curve of weight

distribution whgch expre.‘esathe weight dg of particles with 8

radius (r, r+dr) : dg=g(dr. e v .o, (3 3)

in which &
‘ ‘ S e(r)dr =1 - (3 4)

It must be noted that the area bound by the dif;erential curve of
distribution, the abscissa axis and two verticals to the points ry
and r, 'expresses the weight (computed and gravimetric) of particles.

with a radius between ry and Ty e

In terms of the function g(r) the equation

[ (r) Bmef (7Y, \

wr

may be constructed, in which m. is the mass of particles with radius

ﬁ is the proportionality factor, which is easily determined by
) o

{ § i

Vetrar=1=3\msyar =gm -
) i

o

the integration:
. where m is the average (arithmetical) mass of the particles of the

aerosol,

The functions f(r) ‘and  g(r) may be combined in a simple

- ¢

equation . g(r== / (r)

4

Thus m =¥V , where ¥ 1is the density and Vv is the average
voiur of particles, and at constant ¥ , i.e,, in a case in which the .

aerosol has uniform composition and ‘contains no aggregates,; the gravi-

metric distribution g(r) is identical with the volumetric distribution

v\q-—-—/(d In aerosols with heterogeneous composition”(for exanple,
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in tgechnical practic; the function Ggfr) is used very fre-
quen?:ly in studying various industrial dusts. In determining its in-
tegral curve of gravimetric dlse‘rib'ution it is called the "characteris-
~ tic curve" of.a given dust, or the "curve of residues," because it is
determined by the weight of the dust which settles on a giveq screen
or by the given speed of air movement in an air separator. The curve
Gb(r) is called the "curve of.apertures.” It is notgt] that:

E () + Fy(r) = Glr) + G(x) = 1 (3.8)

By way of clarification of the given example of distribution
of the size of droplets in a stratus cloud [9] determinod by micro-
scopic measurement, it is noted that in distinction from a system with
a 1liguid medium, the direct, continuous curve of distribution of which
pay be obtained through sedimentometric methods, in aerosols the weight
of particles in an experiment is determined, the radii of which lie be-
tween end values, i.e., in addition to continucus curves, interrupted

curves, or "histograms" also are determined.

The results of measurement of 100 droplets in the case under

consideration are shown in Table 1.

TABLE 1
DXYSTRIBUTION OF SIZE OF DROPLETS IN A STRATUS CLOUD
Radius intervals of droplets, y22 2.5-.-4 4~-5.8 5.5~-7 7--8.5 8.5--1¢ 10--11.§

Kumber of droplets 4 6 15 24 24 12

fiadius intervals of droplets, g 11.5--13 13--14.5 14.5--16 18--17.5 17.5--18 .
/ .

Number of droplets 4 4 4 1 2

The histogram shown in Figure 2 was constructed from these data.
It may be used directl;; for the computation of various avorage sizes
(see paragraph 4) but in most cases it is desirable to convert the histo-~
gram into a continuous cixrva. smoothing out any irregularities in this
process which are caused by an insufficient number of measurements (for

example, a physically improbable rise in the right region of the histogram).

-
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This smqothing out of the curve is substnntintq;l in e:ippri-
m‘eingql resu]_.tls by the circumstance thM; the number of measuré&: par-
ticles is necessarily limited, and therefore statistical iluct@tion
is fairly noticeable. The direct drawing of & smoothed=-out curve of
this histogram is inconvenient. It is better to begin witl; the con~

struction of experimental points (marked with "x's" in Figure 3) for

the smooth integral curve Fb(r)‘ . Thus it 48 relatively easy to cor-

rect occasional errors in meas“_ﬁiiement and fluctuations in the number
of particles in each fraction. Graphic differentiation of the integral

curve results in the differential curve £(r) (see Figure 2).

In proceeding with the curve of wai.ght' distribution one could
stsrt with construction of a "gravimetric histogran" directly from
experimental data, but in this case the fluctuations mentioned above
are extremely marked. Therefore, it is hetter to begin with smoothing
out the £(r) curve of experimental data. laying out the axis r for
sufficiently narrow intervals Ar , the average mass of particles
ny, = ‘.;. ﬂrr3 corresponding to thé latter is calculatzd, which gives
the curve £(r) and enables determination of the mass mrf(r)Ar
of the dispersed phase in each interval and the average mass o , from
which the desired function of gravimetric distr;bution may be derived
. through formula ¢3.5). 'l;he curve g(r) in Figure 2 is co'nstructed‘ in
' this manner. From this, in turn, is derived the integral curve Gp(r)

(see Figure 3).

In grid or sedimentation anaiysis of dusts the function G(r)
is determined directly in the experin;ant. The reverss pr
termining the calculated distribution from this function follows the
same method. The construction of quadratic curves and other éize dise-

tributions also is similar.

The selection of any method of expression for determination of the.




size oi ﬁariicles in an serosol dependa on the propertieq whgch are

to be emphasized. Por example. the ccmputed distribution of the sizes

of particles t(r) (see aquations (49. 28) through (49 32)) must be

used for comphting the speed of thermal coagulation-of aerosols. The
speed .of evsporation of coarae-dispersion aerosols at any given monent

is determined by a linenr distribution of the size of particles r!(r) ,
beocause the speed of evaporat;og-of'pagticles is proportional to their radius’.
The optical deansity of coarsefdiﬁpérsion fogs 1is determined by a quadratic
distribution of particle size rzf(r) , because the reflection and dif-
fusion of light by large droplets is proportional to‘Qheldqque of

their radius. The degree of cpmpletenqss of precipitation of aerosols
due to the effects of gravity or inertia also is determined by this

distribution. '

The aexamples described above involved differential curves of
distribution. Integral curves are applied primarily in the calcula-
tion of the degree of completeness of separation of the dispersed
phases of an aerosol f£rom the gaseous medium in the various aerosol
generators and in expression of the distribution of particle sizes
through empirical equations (see equation (3.9)). It is noted also

that the gravimetric percentage fraction remaining on’'a grid screén of

determined aperture size and passing ‘through a grid of another size

usually is used for the classification of industrial powdered sub-
stances..i.e., the size of the function G(r) 4is given in two deter-

mined values of T .

‘It is ﬂecessary to mention a type of distribution curve fre-
quently found in literatura‘(Flgure 4) in whick the ordinate axes
* intersect at some distance’ from the initial coondinate. Curves of
this type, which give a definitely false representation of the true
character of the;distribution of‘particlo size, are obtained because of

the terminal-size of the intervals at which the size of the particies




N

are graphed according to measured values. Actually, the curves in
Figure 5 give the actualdistribution of sizes. At sufficiently nar-
row intervals (/\r = O.IP,) » for example.when particles are mea-
sured with an electron microscope, a histogram of the type shown in
Figure Sa is obtained. "Smoothing out” this curve results in a curve
which is very close to the curve of actual distribution. When parti-
cles are measured with an ordinary microscope, however, at best the
smallest interval attainable is Z&; = 0.2, which gives the histo=
" gram shown in Figure 5b, and a curve similar to A in Figure 4.
Finally, at intervals of Ar.= 0.5{L.obtained in ordinary hygienic
procedures, the resulting histogram is of the type shown in Figﬁ;e Se,

and the curve is of the type B , in Figure 4.

Usually, this masking of the true distribution occurs when a
considerable portion of the distribution curve lies within that re-
gion of particle size where the method used for determination of the
size is not favorable because the particles are too small; or h\
another case, when because of a very high degree of polydispersion the
interval between sizes of particles is extended over several ordérs of
greatness. Assuming that the radiﬁs of particles of several aerosols

lies between 0.1 and ZOOPu and that the entire length of the abscissa

is equal to 100 mm, then the part of the distribution curve corre-

sponding to the limits 0.1 to 1F’ conteins an interval of only 0.5 mm,

and it is 1mpossi$1e to construct a correct distribution .on this graph.

It woﬁld seem that‘under tﬁesehconditiéns & logarithmic gcale
could be used for the abscissa axis. Aqtuglly, in this condit;on of
inequality the position of very fine particles is displaced because
each order of greatness on the graph is not afforded.an equal séace.
However, another diff;culty arises at this point. If, taking a loga=-
rithmic scale for the radii, a distribution curve is constructed by

simply plotting the function £(r) on the ordinaie axis, then the area

[ -
B
-
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bound by this curve, the absclssa axis and verticals to.the points ﬁlv

. . " " E . s
and r, 1s equal to S [(ndlgr= & %/(") dr,, i
n "

i.e., this arca alrcady is not proportional to the weight of ‘particles .
with radius from ry to 1, and tﬁe curve loses 1ts.dcscr1ptiveness.
In order to retain the significance of this area rf(r) must be
plotted on the ordinate axis in addition to £(xr) , but in ;erosols
with a high deéreo of polydispersion the curve rf(r) practically
coincides with the abscissa axis in the region of a s;all r value.
?hus one is again confronted wit£ the necessity of graphic expression
of the distribution of sizes by means of a curve. In recent times .
there has been a tendency in aerosol research to rejecg'the above de-
scribed methods of graphic representation of the distribution of par-
ticle size and to substitute a gystem of coordinates in which the ’

distribution is expressed by straight lines. This question is closely

related to another problem which is discussed below.

The use of distribution curves for characterizing'industrial
aerosols, and in the solution of various theoretical and applied
aerosol problems 1s very inconvenient, These curves are appropriately

represented by formulas with a minimum number of coefficients, the

size of which would characterize a given distribution. In the latter

case it .1s desirable that the formula be applicable to the greatesﬁ
possible number of aerodispersion systems, i.e., that only the size

of the coefficient be changed in the transition from one syséem to
’

another, With a sufficiently large number of coefficients all distri-

butions encountered in practice could be represented by a single,

unified formula, Howevér, the selection of coefficients requires a

great deal of work for each case, and in addition,

cult to describe anygiven phésical situation by these coefficients.
Because of this, multiple-coeffic

- 15 -~
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it would be diffi- i
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jent formulas have not received practical
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application. As a rule, only formulas with two coefficients are used,
because this number of coefficients is in itself a minimum: one co=

efficiont characterizes the average size of particles and the other

characterizes the degree of polydispersion of the aerosol. .

There still is no theorstical derivation of a dispersion formula °
for véi‘y complex and insufficiently studied processes of generation of
both condensation and dispersion. acrosols (vwith one exceptAion; see below)
but there are many dmpirical forzi;ulas whict{ are used postly for aio‘;osols
produced by the mechanical dispersion of solid and liquid bodies. The

most well known of these are the followings

(1) :Roller formule {9], of the ‘type described in the foregoing: '

6 () = arl/? exp(-8/) A (3.9

(In this formula, at T - 00 Gb(r) -—»@® . Therefore, in this
case the integral curve of distribution must be interrupted at that dis-

tribution of Ty where Gp(ry) = 1.)

which also is used for many industrial pulverized materials with ex-

tremely varied degrees of dispersion.

' (2) Razin-Rapmler formula [10]
6 () = exp(-ar®) (3.10)

which 1s used for comparatively coarse-diapersion dusts and fogs .pro~

duced by mechanical methods .

A _considerab’ly improved :ormulé. for these -fogs has been sug-

gested by Nukiyama and Tanasava {11]

£2(r) = ar® exp(-br®) : (3.11)

where @ and b are independent, but determined functions s , and

the size of droplets 18 pedium. Thess functions have been calculated

e ey g P B 2

by the present authors and are présented in table form.

Formula (3.9) may be represented in the form
1g(G, () / rl/Z] = 1lg o - 0.434 8/r .

<16 =

-
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If 1/r is plotted along the absclissa and 1g(G/r*/2) is

plotted on the orqinnte; then as far as 1is abplicnblc, the experiﬁeﬁtul
. H af o
points must be plotted in a straight line, on which @ and s may be

easily determined.

Similarly to formula (3.10) we obtain
Ig Ga (1) = — 0,434 ar'. (3.13)

D

In this case a value must be chosen for s at which the ex-

perimental points lie in a straight line for the selection of the co-

ordinates r® and 1lg G . The experimental data are treated as in
i

formula (3.11), which gives the formula
g/ (r)/r? = g a<—0,/;§4 br"_.’ e (3.14)
Reduction of the formula to a stage in which the particle sizes '

are distributed in a straight line greatly eases the task of selection
of coefficients in these formulas, and of smoothing out the curve of

experimental data.

In a very few aerosols, such as that formed by plant spores [12]
the turve of distribution is symmetrical, very similar to the Gauss

curve, and corresponds to 'normal" distribution:

T T
/(r)_em’ﬁcfm (r—r2 2, (3.15)
where T 1is the average radius of particles; ﬁz =-z;ff355 is the.

average quadratic deviation (dispersion) of the size of the radius

from 1T .

As an auxiliary alternative the following formula-is introd\:lced°
tE=(r—r)/BV2. . B} (3.16)
The weight of particles with radius 2 ry is equal to

n—r
noo. t n N g¥z .
_{ o g = L S e d. 3.17
S f(rydr= ﬁVZx& V=r _ ¢ (3.17)
° ? i
' VT
Because according to the function f(r) it is different from O only

at r >0, the lower limit in the integral may be taken as ~@O .

L1




If 1l/r 1is plotfcd along the abscissa and lxz(Gb/'rl/z) . 1s

plotted on the orq;nute; then as far as 1is applicable, the experimental
' ’ o ol
points must bLe plotted in a straight line, on which a and s may be

easily determined.

Similarly to formula (3.10) we obtain
1g 6o (r) = — 0,434 ar*. , (3.13),

In this cz;.se a value must be chosen for s at which the ex-
perimental points lie in a straight line for the selection of the co-
‘ordinates r® and 1lg G . The experimental data are treated as in

forrnula (3.11), which gives the formula
g1/ (/) =lga—0434brr. (3.14)

Reduction of the formula to a stage in which the particle sizes

are distributed in a straight line greatly eases the task of selection
of coefficients in these formulas, and of smoothing out the curve of

experimental data.

In a very few aerosols, such as that formed by plant spores [12]
the curve of distribution is symmetrical, very similar to the Gauss

curve, and corresponds to "normal" distribution:
1 = . cT
r) = —=exp [— (r —r)*/ 2§,
1) = g o3P 1= - =7 241
where T 1is the average radius of particles; ‘32 = (r - ;)2 is the

average quadratic deviation (dispersion) of the size of the radius

from T .~ .

As an auxiliary alternative the following formula is introduced
) E=(r—r)/BV2. - (3.16)

The weight of particles with radius Z. ry is equal to

n—r
r T [ LA

-S/ (‘r)dr_—___——m}_ﬂ_&'c—(r—'r)'lw" dr.—_VL; & ¥, - (347)
0 [

I
¥z

Because according to the function’ f£(r) it is different from O only

at r >0, the lower limit in the integral may be taken as -©O. .

.
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0 gt = 7[1 + Ery (’;‘ ’)].= Ta+ Erfe), (§:.18)

. kY

. . . . " ‘ co&T
CErfy, = v%i e (kramp's function) - - (3:19)

N .

B e T RN SR, einn

but ;1, is equul to the value of § ’ corresponding to r

1

The variable ; is plotted along the ordinate on an atbifrary

scale (Figure 6), and the corresponding values 0.5[1 + Erf(g)] are

located on it, i.e., the weight of particles with the normal distri-

bﬁ?ion under consideration, for which r & ;-tFV 28 . As before,

r 1is plotted on the abscissa. If the integral curve Fb(r) is con-~
structed in this "probable" system of coordinates, expressing the
weight of particles with radius less than r » then in the case of a
hormal distribution of particle sizes similar to equation (3.16) a
straight iine must result, intersecting the abscissa at the point

f =T . The tangent of the angle of intersection of this straight

line with the abscissa is equal to 1 /ﬂ1/2 .

The data of Table 1 fér a water fog do not give a probability
grid of a straight line graph, as may be seen in Figure 6 in vhich
the distribution of the size of droplets is indicated by crossés, in
view of the asymmetry of the differential curve of distribution of
th;s fog (see Figure 2). It must be mentioned that in the over-

‘wﬁelming m;jorify of condensation and dispersion aerosois the dis-

- 3
tribution curves are asymmetrlcal with a greater deviation toward small

values of r , Apparently this is connect;d with the already mentioned
inequality of very small particles in the selection of the linear size
of - particles as the abscissa value in distribution curves, The dis~
‘tribution curves are more syametrlcal if the logarithm of the radius

1s taken for the abscisqa, and they frecquently approach the shape of

the Gauss cuqve. In this case the distribution may be expressed by

_'18_
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' the foxmula (1oga11thmic—norma1 dibtribution)

) (]gr—lg o R ‘
- ’(')d'”lsa = Pt Tge,r 1487

_Here 1g r, = igr, and consequently e i§ the average geo-

metric radius of particles ‘(g .(lg r-lgr )3V ‘i.e., 18 the
g g B .
%] Y. o,

avexage qundratic deviation of the 1obarithm of the radius. In foreign
1iternture ﬁ usually’ 13 called the. "standard geometric deviation;t'_'
R

Dt T ian LT B
As iS'Seen in Figure 7, the fog.chosen by the present authors as an

N '

example (stratvs cloud) gives a straight-line curve, 1, in a proba~

bility-logarithmic grid. (In passing straight lines through experi-
mentdl points in probability networké, it must be remembered that poiﬁts
far removed from phe axis ha;q little statisticnl value because they‘cor—
respond to a small number of parficles.) L. Levin established the
logarithmic-normal distribution of the size of parficles in natural
clouds cu the basis of a great deal of material compiled by El'brus
[13]. Recently, this type of distribution has been found in other
aerosols of dispersion and condensation origin; in mineral [14] and
uranium [15] dusﬁs formed during mechanical crushing operations, in

fogs formed by disc.pulverization [16], in aerosols of Nﬂ4cl and HgSO4,
formed by mixture of gaseous components [17], etc., In addition to the
other distributions mentioned above, logarithmic-normal distribution
undoubtedly also has theoretical significance [18] In particular,

as is shown by A. Kolmogorov [19], proceeding from simple hypotheses

on éhe character of the.process.of crushing solid\particles, it may

be demongtrated that the Qistribution of the size of particles follows
an ;symptotic path in proportion to éhe degree the refinemént of parti-

cles follows an asymptotic path in‘pnoportién to the degree the refine-

ment of particles approaches the logarithmic-normal system [20]. 1t

would be very interesting to clarify the conditions under which this

distribution is obtained in condensation processes.

It is noted further, that in the case of logarithmic-normal

- 19 -




calculated distribution of sizes (3.26) gravimetric and other derived
distributions also become logarithmic-normal at the same value of ps
i.e., all derived distributions are expressed by parallel straight

“lines [21].

éctually, in a-distribution.corresponding to the vy-th degree

of radius the tollching expression 1& obtained .(a. is the normalizing

Xactor, containing only constant values):
acxp (2,302v1g r) 5= oD [—(lgr—1g "s)2/2 g%, =

_ a ox (lgr—-]gr”)’— 2,302vig r 2]g'B&,]_
- lg ﬂsm P [_— 21g ﬁg a
1 llgr—(grg+-2, 302vlg? 5K)l’

gy T { PR

The gravimetric dlstribution of the size of particles in a fog

according to the calculgted distribution, represented by straight line

1 in Figure 7, is expressed by the parallel straight line 2.

It is characteristic of all distribution formulas discussed in
this paragraph that points which’lie close to one or both regions of
the curve more or less deviate from a straight line. However, this
does not have great-practical significance in the characteristics of
aerosols because in integral distribution curves the marginal points
correspond to a small weight of particles., Several authors [9] are
inclined to aver that the formulas probosed by them are correct for

©all panges,‘nnd they explain deviations by experimental érrors, pre-
mature preclpitation of particles, c¢*c. The present author disagrees

_‘with this contention: as already stated these formulas (with the ex-
ception of (3.20)) cannot be used for the expression of any theoretical
idea. They ;re more or less lucky equations, purely empirical approxi—

mations of the actual distribution. Furthermore, because of the fact

that each of thesevformulas has been successfully applied to one or

another group of aerosols it follows that none of them has general ’

significance. Nevertheless, the practical value of these formulas is

- 20 -
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“beyond doubt because they are used in the determination of all propert
ties of aerosols depending on their dispersion, in the comparison of

-aeroscls usiag only two parameters, etc. 'The work involved in the

-gelection of the fitting formula and in the determination of the size

- of the coefficients usually is considerably less than time work re-

V quired b;.r the measurement of a gufficiently large number of particles.
Because of this, for the £urther‘development of knowledge of aerosols,
and especially of the theory of ti:e formation of aerosols, it is very

desirable that the indicated processing of measurement data be conducted

on the largest possible number of aerodispersion gystems.

Knowledge of the distribution of the size of particles 18 ex-
tremely important in ae;-osol research because almost all properties
- of aerosols depend to a very great degree on their dispersion. There-
fore, experimental aerosol research must be done on isodispersion sys-
- tems, but because the production of the latter still has not been com-
pletely solved research must be conducted with polydispersion aerosols,
In this case, more or less promising conclusions may be drawn from the

results of these experiments, noting the distribution of the size of

‘ _ particles,

4 "Average” Size of Particles in Aerosols

. Completely characterization of aerosolé requires knowledge of
_‘-‘ :bhe distribut’;en of the size of particles. Howaver, in practice 'the
term "average" freguently is limited to those cases in which, for some
"ri'g;son or other, there has been no investigation of the distribution
of the size of particles, but some ‘other property of the aerosol,
B "which depends upon its dispersion, has been measured, such as the
“ Vcc'ei’ficient of diffusion, expansion of x-ray lines in an x=-ray photo-
- grﬁph of precipitated particles, the diameter of the diffraction corona,

_ ete. Very often the dispersion of aerosols is measured by the calculated-

gravimetric method, i.e., the gravimetric ‘concentration (!gss of the

- 21 -
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diSDGTSiOH phase ver unit Volume) and the’ culculatcd concentration'f:

this includes the average mass of part;cles, and, 1f their density .

Declassified in Pa

: PN

(numher of pwrticles per unit volume) of the aerosol are meaquxed'

is‘known, the average size of particles.. (In Sov1et lltexature the‘
O :
term purticular,concentration usually is used to deslgnate the

et

number of particles per unit aerosol volume. Because o£ the ambiguity
H "‘.-""5

("particular" as opposite of "complete") of the term the present au-

thor will follow‘che example of G. Romashov [22] and employ the term

"calculated" concentration.)

It must be borne in mind that the "averange'" particle Sizes de-
termined by various methods ‘may be clearly distinguished from each
other. Just as in the case of the calculated, gravimetric, etc,

terms for the distribution of the size of particles, there are various

average radius values:

(1) average arithmetic radius

r=r= S rf (r)dr = S\ rN,/N, (_4.'1)

[
where N, is the number of particles per y size interval; n, 1is

the middle of this interval; N is the total number of particles.

(2). average quadratic rudius (sutface average)

fa [‘-“—--——>_‘—_~—-‘
rg= l/rz [S 2f(r) dr] [S‘ N‘./N:l ; (4.2)
1 .
(3) averagevcubic_radius (average per volume of anrage weight)

neVA( e <[gavn] as

0

s

In these averages, derived from-the calculated distribution
of sizes, the large and small particles are equhll Suspension averages

derived from the gravimetric distribution g(r) have greater practical

value, such as . ‘¢=SmezZn&m,_ (4.4)
0 v’ )
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wliore, ‘g, 18 tho weixht of! particles per ¥ ‘Bize 4ntéval; G- s

»j thc total weight of particles

'~The'fpilowinhraiso ffeaﬂently:ure used:

(4) averqge geometric radius g , determined by the formula

lgrg-—~lgr-—-glgr/(r)dr~zlv Igr,,/N (/,5)

(5) calculated median radius rm R determined from the condi-.

'tion F (rm) = Fb(rm) = 0.5 . This implies that half of the particles

have a radius greater than rn and half less than Tn i

(6) gravimetric median radius’ Tt o detérmined from the analo~
- gous condifion Go,(rp1) = Gb(rm-) = 0.5., i.e., the mass of particles

with radius greater than Tm' comprises one-half of the total mass of

the aerosol.

It is noted that at normal distribution T = T , but at the

logarithmic normal distribution ry = rg .

By way of illustration various average particle sizes in the
fog described above are calculated in the following. 1In this case it
is advantageous to start directly with the experimental data (see Table 1)

without smoothing out the raw data, and the calculation is conducted

according to the formula

’I‘E’vl\ /N (4.(;;

Thus we have: ry) = 8.9 ; Ty = 9.4p Ty = 9.?fb . From the

curves for F, and G, in Figure 3 we have r, = 8.6 and To=

= 1l.1p ; and from curves 1 and 2 in Figure 7 we obtain the values

TR = 8.6}p and rm, = ll.Sfb .

Various average values are obtained in the experimenta; deter- wf:

mination of the average size of~particleé, depending upon the method of
1 .
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measurement used, Thus, ry is determined by the calculated-gravimetric

method, r; is determined by the "corona' method (diameter of diffrac-

tion rings), etc.

The rational gglection of an average value for the characteriza-
tion 9f~an aerosol, as well as the selection of the distribution curve,
is determined by the propcrtiFs of the aerosol which are to be described.
Therefore, the average quadratic radius ry must be chosen for expres-~
sion of the optical density characteristics of coarse aerosols and the
speed of their precipitation under the influence of a heaviiy charged
field or under the influence of inertia, r

the speed of evaporation of aerosols, etc. 1In some special instances

1 is used to characterize
more complex average values must be established. Thus, the specific
surface area of an aerosol, i.e., the surface per unit mass or volume
of the dispersion phase, may be characterized by a particle in which
the specific surface area is equal to the aerosol weight. The radius

of this particle rg 1is determined by the equation

0

°§ 4nr3f (r) dr K 5% () dr = 4nri %.mg = tmrd [ g w8
]
or

In the fog under consideration Ty = 11.0’y . This value is

obtained in investigation of the problem of the absbrp;ion of light

per unit volume of a substance in a coarse aerosol.

It is seen that in the given case the various average values
do not differ greatly, The gréater the degree of monodispersion, the
smaller is the difference bLetween average valués. The concept of an
;verago radius for aerosols with particle sizes which are extended

over several orders of greatness loses all physical significance.

The problem of the average radius and distribution of sizes in

acrosols with irregularly shaped particles will be discussed later,

- 24 -
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[Pages 59-67]
CHAPTER IX

14. The Movement of Aerosols within a Closed Space

In the case of aerdsols contained in a limited space, tﬁe motion
of‘particles involves hoth movement along with the suspension medium-
due to convection currents, artiticial stirring, etc, and movement in

relation to the medium, At Present we are concerned only with the

latter, and thfs problem will be studied from the point of view of

the precipitation of particles due to gravity. 1In the precipitation of
rarticles of an aerosol which fills a space bounded by walls, the speed
of precipitation is Y , and the motion of the suspension medium in the
opposite direction has an average speed of 95v s Where 45 usually is a
very small volumetric size of the dispersion phase. Whereas in the im=-
mediate vicinity of the particles the medium is absorbed by the latter,

. at a greater distance from the particles (i. e., at a distance greater

than the particle radius) the speed in the opposite direction is greater
than &V + Thus the speed of precipitation of particles 1n the case at

" hand, in distinction from the moverent of a fres cloud, is less than

the speed of isolated particles in an unbounded space by the factor

. L+ k¢5 where k >1 .

According to Cunningham [46] only one circumstance need be taken
into consideration: in the defivation of the Stock formula one of the

limiting conditions isg that the speed of the medium is equal to zZero

‘ at an infinite distance from the particle. In the precipitation of a
’ system of particles in a closed‘space thp'speed of the ‘medium must be .
taken a8 equal to zero at a distance e from the center of a particle
- (disregarding the opposing motion of the medium), where 2p = 1/3
i3 the average distance betwaen precipitating particles. Thus evefv
'particlo is expnsed to the saite reBistance which it would encounter in
the center of a closed vessel with radius P « According to the caley~
" lations of Cunningham this resistance in Stock approxlmations 15 équal

e R

- zs—q
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to an'v},(l + 1.25-;-) .. According to Oseyen the correction is in-
creasingly smaller at greater values of the Reinholds number Vp}'/’) .
All other authors arrive at & correction factor 1 + kcfthﬁrough fairly
complicated, though not precise methods, in which the i/alues of k. are
equal to 5.5 [85]; 7.0 [83]; and 4.5 [86]. Obviously, a precise

solution of this problem is very difficult.

The difference between the correction factors of type 1 + k‘f (1)

and 14+KpX14k /3

(1I) is quite large, because at ordinary values
of § factor 1 1s for practical purposes equal to unity, whereas
factor 11 may be several percent greater than unity. The only re-

search on the small values of é , in which we are interested at this

point has been dcne by Cermak [85)], in which he studied the speed of

T e Ry s

precipitatién of suspensions of a high degree of monodispersion, con-
sisting of erythrocytes of various animals in water, with radii of
2.4, 3.0, 3.7, and 4.4p . It was shown that at. §4 0.04 to 0,08
the experimental results agreed with the correction factor 1 + ké N
in which the value of k is between 4.8 and 6.9 for various erythro-
cytes. Unfortunately the speed of precipitation of isolated particles

was not measured in this work, but was determined by extrapolation.

Because of the rather scanty data available it may be étated
only that in the precipitation of aeroscls in a clesed spaco the fe-
sistance of the medium at small values of <f apparently 1is eq_ual to
6xxvy (1 + k¢ ) , in which k is approximately 5 or 6. Recently,
during the course of research on the flu;dization of dusts {see equa-~

tions 58.1 and 58.2) the problem of the speed of precipitation of concen-

trated dispersed systems acquired great importance. In the measurement
of this speed fluildization was Qccomplishedl by the transformation of
systems of uniform spheres or bodies with other shapes :!.‘x‘gtlo‘a suspeaded
state in a rising fluid streq?. In this process the concentration of

spheres is automatically determined because their speed of precipitation

. (R
C e . - co - - R - c_
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is equal to the speed of the'fluid.atream. The results of these ex-
‘periments may be expressed by the formula

v, = v, —§)°‘ , (14.1)
vhere V; is the speed of precipitation of the system of particleés,
and Vg represents isolated particles, Louis and Bauerman [87] and
Richardson and Zaki [88] obtained the same value, 4,65, for the coef-
ficient & in the case of the system of spheres. ihe work of Richard-
son and Zakl also included an approximated theoretical calculation of
the speed of precipitation of the system of sphereé} Proceeding from
two models of the distribution of spheres within a space, these authors
obtained two curves (v; N é), one of which was approximately 40%-higher

and the other 20% lower than the experimental curve.

In conclusion, mention is made of a phenomenon which is fa-
miliar to all who work with aerosols: in precipitating concentrated
aerosols the upper limit of the dispersion phase usually is horizontal
and flat. This phenomenon may be observed both in the laboratory and
in natural fogs. The cause of this is that vhen the saturation of an
aerosol exceeds that of a medium bordering on the aerosol, hydrostatic '
forces counteract the disturbance of ‘the horizontal upper limit of the
aerosol by the action of convection curreﬂts. In the given instance
the aeroscl behaves like a fluid, It is known that stabilization of
the upper bArder is abserved only when the dispersed pggge ioves as a

whole with the medium, i.e., at & sufficiently high concéntration of

the aeroascl {sce preceding paragraph). Beﬁﬁﬁge of this, the surface of

aerols charged with chlorine, carbon dioxide, etc, is very stable [89].

o

18, vVertical and Horizcntal Blectric Fleold Motheds and their Application

The movement of aerosol particles in an electric field is ob-
servable primarily when movement within the field is uccompanied~by
the attraction of gravity. The force acting on a particle in an

\electrical‘tield is equal to gqE ,'where q 1§ the charge of the particle

- 27 -
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appli“ation. The vertical electrical $i01d Tethod developed by Milli-

development of our knowledge ‘in tlis field. The method consists of
-’cJ .:.

e aerosol particles in a test tube, which forms two horizontal conden-

‘géigplates and side walls of an insulating material, and is provided

“

N wi?h'ports ipn~observation, illumination and overchérging of the par-

ticles. Observation is thfough a horizontal microscope with an ocular

e grid, ‘The’ potential of the field is E = YI/h , where YI 1is the po-
K tential difference, and h 1is the distance between the condenser
plates.: The intensity and direction of the electric field may be

. . ,measured at will., The speed of precipitation without an electrical

field V is detérmined then the movement of the same particles is
determined under the simultaneous action of electrical and gravita-

giqnal fielos Vs +’VE or. .Vg - Vg , depending upon the direction of

W

tho’electrical field. This is where the value VE is involved. 1In

addition, the’ charge of the field- EB sometimes is determined, which

exactly counterba.lances the action of gravitational force on the

v

particles s Es=mga=gerwle (15.2) -

. In_some designs ‘the test tube is provided with facilities for
changing the pressure within the tube Within wide limits above or be-

low atmospheric pressure. Tho techniques of the vertical field method

are well covered in the literature {53, 92, 93], and enable solution

of the fOllOWlng series of’ tasks.

- 28 -
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1ﬁé£e§mindiion of the Size of Elementary Chargé and Calcula-

tion of the Law of Resistance of a Gaseous Medium to the

Movement of Small Particles

’ ; . °* The method ¥irst used in tﬁa'folution of these important tasks

.- TREAT i ! ,

“was the method of vgrticnl electrical field [53]. In terms of the
R . R :
._edhation may be expressed.as
KR SR H R

oo o Vi=mgB= mg(‘l -+ A%)/G"""l ' (15.3)
R S or ’ o ’ .

=3’uin"l(1 +Ari). (15.4)

Mhltiplicationvoi the square root Eitrncted fib&TIiEZéS“Jﬁﬁf(1s.1)

the following equation is obtained:

x -2 el '
— q.==[“’—2f'~‘i(}:~;)’k1+4?’) "= g1+ 4%) T s

Assuming that the formula of Stock is applicable, the expression
céntained in bracke@s, i.e., the size of the chayge of particles deter-
w}ned experimentélly, is designated by dg¢ . In the case of liquid
(oil) droplets all dimensional values which are factors of this expres-
sion, such as the viscosity of air, density of particles, field tension,
and the velocities VE and Vs » may be determined experimentally.

When a particle is given an overcharge by x-rays or gamma rays the change

in its charge /\d4 is equal to a small positive or negative whole number

of elementary charges g : o )
' Ag = (v — )¢, (15.6)

where - \& - x& usually equals- *1 , or more rarely, 2 , etc, Simi-
}arly, qust‘= vy =Y st + Thus €5, may be easily determined by

;
~finding the common denominator of several values of [39st .

Bécausé from qugtion (15.5) it follows, that;
IANE
e= gst/(i + A—;) N
“hen

o=+ A7 )etmeti Aot L

If the values of £§{3 » which have been found for various

v

dropigts, are plotted for the function I/r » then in the case in

e e
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A which the Cunninghum formuln applies these points also must lie on'a "

straight liue (15. 8). The point of intersection of this straight line

2/3 , aﬁd‘the tangent of the

W with the ordina%e gives the value of €

. angle of inclination with ~the abscissa axis gives the value of Ag 2/3 .

‘In practice the~true'radius r 1s not determined directly from the’

experiment, but *. ’ W\ v .
o T 2 st=(7{;)- . (15.9)

1.&., the size of the radius, calculated, assuming the accuracy of the

formula of Steck. ﬁowever;'af small values of the correction element
Al/f, rgt differs very.slightly from r , and therefome if r“ is eub-
stituted for X S¥~ in (15.8) the substitution has little effect on the
results, in'faet the experimental points lie quite within a straight
line. Thie metmod resulted in the first accurate determination of the
size of the aementary eledtrical charge and demonstrated the applica-

\ bility of the formula of CUnningham for small values of Z/r « In ob-
taining aceurate results in the determination of € the influence of
Browrian momemenfgmusé be eliminated as mucli as possible, i.e., com-

1
paratively large droplets must be used (r = 2 to S5m)..

, For the same,reaeonismall dropiéts are not used in calculation

: of the law of’ resistance of the medium for large values of i/ , and

o ' s

measurements are taken at 1ow pressures, i.e., at large valués of [

' Im these experlments [391 the,pressure in the test tube was broughf'
down to 0.5 mm Hg,'andfthe‘reeistancé of t?e medium was measured for

valuesjupfto 1/r éri34 e As”a‘iéSulf:of these measurements the em=

mﬂmlmmﬂawslwswmmmmm,%emmm%mdmrmmﬁm
1‘ h 3
.the law of resistance for small. particles consists of” measurement of

gt s

the speed of movement of a single particle at various levels of pres—
* sure [94, 95,;28]; o : . o

R N

It is noted that the flrst experiments with the vertical élec-

..
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a water vapor fog obtained bﬁ condeqsation of vapor on gaseous ions.

‘

et 1.
W T

The water hroplots in.this caso have the same elementary charge. Vg,
and Vp were dotermined for the movement of the upper limit of a
cloud, and because of this the value of ¢ was approximately 30%
lower than the true value [96]. This is not surprising, because the
speed of motion of the uppor boundary always is detergined by the
slowest. particles (the smallest particles for Vg measurements and

the largest particles for vE measurements). Because of this, de-

pressed values for the particle charge are obtained, similarly to

equation (15.1).

All the discussion above perteins to individual, gpherical par-
ticles. In the transition to non-spherical particles and to aggregates
the following must be taken into consideration: in the case of ag-
gregated particles Y ind.cates their apparent density. Therefore,
if the true density is substituted for ¥ in (15.5), values somewhat
lower than true may be obtained for q , and thus alsc for ¢ . This
also gave rise to the hypothesis of the "subelectron" [97]. Further-
more, if the particle is not spherical, then rzlx is substituted

for rz',:ln (15.4) (8ee 12.15), and T X is substituted for »r (see

12.18) in (15.1). As a result, the expression for q (see formula

(15.5)) is a factor of 32/ 3  in the denominator. Because for non-

spherical particles x ¥ 1 (see (12.18)), if ‘this. circumstance is
_not taken into consideration depresséd values again are obtained for

the elementary electrical charge.

Knowing the size of & and the law of the resistance of the

medium, the following tasks.may be solved by the vertical field method.

B. Measurement of the Charge and Motion of ‘particles

Through repeated measurement of the spoed of motion of a particle
in a vertical electric field, directed both up and down, the arithmetical

’average of both speeds VE - V,s and vg + vs’ is taken a8 equal to VE

CIA-RDP81-01043R001400130002-6
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and the proportional number of elementary charges on 2 particle v .
'_It the latter is subjected to & soveral-fold overcharge, ¥ and the
‘size of tho charge on 2 particle q = V¢ is obtainéd. Knowing VE
-and q , the motion of a particle B is deteminpd according to

- formula (15.1).

The particle motion B also siay be found by its speed of fall

when pole Vg 1is absent (see formula 15.3), and by the strength of a )
. 8 or1 2

counterbalancing pole BB , which characterizes the mass of the parti-

cle (15.2). The éhape and density of the particle is excluded from

both of these methods.’

A very subst

?éntial effect is due to the fact that the motion of
particles in an electric field, determined by the first method, and
the m;)tion in the gravitational field, det;rminet by the second method,
may differ considerably because of the orientating action of the elec=
trical field tends to divert particles which are aligned along other
axes into alignment with the eliectric field (see paragraph 43). For
gsome reason or other this circumstance has not been taken into considera-
tion by any of the researchers working in this f£ield, and e:;plains many

instances of disagreement" botween theory and experiment in investigation

of the motion of aerosol particies in a vertical electric field."

C¢. Determining the Size of ps'.rticlés»

When determining the gize of aerosol particles by their speed
of procipitation under the attraction of gravity (i.e., according to

formuld 15.4) tvo difficulties are encountered:

(1) For particles in an aggregated state the apparent density,
which is used in (15.4), is not known beforchend, as already has beeh

man'@:ioned .

¢(2) In the case of very smail particles (r 410'9‘ cm) Browanian

movement causes very large fluctuations in the measurement results. These
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.+ difficultics may be ‘eliminated to a considerable extent througﬁ‘thoi

°  use of the following variant method [98}. When Vg and q are téqnd,

"

: ot
as described above, they are used for the determination'bi r, using

(15.1) or, in the case of non-spherical particles, ¥ x 1S determined.
™ 3y FAREN L *

. 3 . . .
This enabj}es elimination of particle density. The inflyence of, - =4

ot

. T ot
Brownian ?ovement intthlé case is Lgssened because the speed VE (in
1 f',". Ay D St .v . -

- . d ~ . . . q ) --’! e
»distinigign to Vs);pﬁnggymgdc suigiciennly;yarge thrdugh increasing

the tension of field E .

fhe size of particles wLQh unknown density also may be found by
measuring the speed of their ;recipitation under various pressures [99].
. Since the length of the free path of paseous molecules is inversely
. proportional go the pressure of the gas, equation (15.4) may be written.

in the form ; HYF£(|4_‘V)>

(15.10)

gere A' = Apl = Apylo » where 1, is the jength of the free

path of a molecule at P, atmospheric pressure. Thus if Vs1 and

V52 are the speeds of precipitation at pressures Py and Py then
v I

s : s2
T (A - T+ Gen ]
f£rom which we obtain

(15.11)

r= Vapy—Vaby A
. Va—Ve np,

(15.12)

' Because similarly to this equation T is determined in relation
to the difference between fairly close values, this method cannot give

‘precise results. In addition, the theory of the motion of small parti-
3

_cles in a gaseous medium in the éransition zone (see paragraph g) was

developed only for particles of spherical shape, and in the case of

other shapes it 1s unknown, and a coefficient must be introducad'which

allows for the different shapes,. in the form of the correction factor
.
1.+ Al/r .
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D Petermination-of Apparcnt Density and the Dynamic Coeffi

of the -Shapes of Particles

When the part;cle'raGXus is found by the method desérgbed aﬁéve
and the particle ;ass is determined by the strength of the counter-
balancing f;eld, 7( may Sé determined, i.e., in the case of particles in
an aggregate state, the apparent density. yUsing this method Whiteloy-
Gray [31] discovered the valie of particle density in several smokes,
which is shown_in Table 2. With this method correct results may be
obtained on1y<for aphéricél particles. For particles with other shapes
the coefficient x must be jntroduced in (15.1) which, contrary to the

above methods, gives an increased value for the equivalent radius Ty

and depressed values for the apparent density.

In the case of non-spherical individual particles, the density
of which is known beforehand, their equivalent radius 7rgo may be deter-
mined by their charge and by the strength of the counterbalancing field
using (15.2). Furthermore, the value x may be found through the speed
Vg in an electric field, and the same value may be determined through
the speed Vg under the influence of gravity. As already mentioned,
various values may be obtained for x by this method because of the

orientation of particles in an electric field.

Determination of particle density also is ﬁossible using an
original modificatipn ;i the vertical field method, proposed by Plachek
[24], which used a non-uniform electric field with divergent lines of
force. As the theory indicatés, the force F acting on a non~charged

particle in this field is -equal fo )
: Fp=x cvgrad E?, . . (15.13)

where V 1is the volume of the particle, and Xg is a coefficient

1o

which is determined by the shape and dielectric permeability Ek 6ﬂ'

€ —1
e+ 2 ).

for conducting spheres. It is very importaﬁt in the latter case that

3 . g
the particle in the relationship e for non-conducting, andﬁﬁgs
ud e “

- 34 -
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X have ;ho same valué both for contiguous }ndiv1GUa1 particles and
. for aggregates, if only the forgmost particles of which.thcy are com=
’poseq have electrical contact. If, in the site in which the ;articles
- are locgted JE and grad E are oriented vepttqﬁlly, then the force

‘acting'on the particles is

=2 vEdE/d" a (15.44)

3 e - ‘
1f the gradient is directed upward, then under the conditions
_ "Fr = mg oOr D __MKL_YA"-
E . . v % . (15.15)

a particle will be counterbalanced in the air. As may be seen from
(15.15), all non—charged spherical particles having uniform donsity
: and constant dielectric, are counterbalanced at the same value  EdE/dz
independent of their size. This conclu;ion has been proven in expéri—
ments with oil droplets and with individual mercury droplets. The upL
- per face of the condenger was shaped in a form necessary for the pro-~
duction of a non-uniform field. 1In this case EdE/dz is pr&por?ionnl

to the square of the tension on the condenser faces.

In these experiments the following important fact was observed:
comparison of the value EdE/dz corresponding to the counterbalancing

of 0il and mercury droplets showed that the coefficien has almost

X
the identical value for these and other drops. Thus, oil droplets are
practically polarized in a constant electric field and act as a conduct;;
of electricity, apparently because of the ionizing impurities.which they

" contain. Becuése mineral oils belong to the class of ;ery poor elec-—
trical conductors, the same pr;bably is true of ﬁarticles of the majority
of other substances. Because of this, for thé sake of simplification -

aerosol particles will be considered as behaving like conductors in an

electrical field.

in accordance with (15.15) the value of ndh/dz may be deter—

mined precisely thrOUgh observation of 1ndividua1 droplets at varioils
P

- 35 =




. points of the electric field formed by the condenser. Through

similar observation of aggregate ‘particles of metallic aérosols the

¢ gy 5 S e

apparent density of these particles was'dotermined by the method

described above. In the given case the particles were counterbdlanded
at various values of 3dn/dz s and thus had'different apparent densities.
By this method it was established that the particles of mercury ft;gs ob-
tained by mechanical dispersion at low air pressure had normal density,
but the density of particles of fogs obtained by dispersion at high

pressure or by volatilization was 5- to 10-fold below normal (see (4.7)).

The vertical field method also was applied in research on the
kinetics of evaporation of droplets, photo-effect on droplets, Brownian
movement, movement in a temperature gradient field, and many other

aerosol problems.

The moticn of aercscl particles in the earth's gravitational
field with the superposition of a horizontal electrical field also
may be used for the determination of £ and for several other tasks
mentioned above. In this case the moti\én of the particles describes
an inclined straight line, and is described by the same equations
-€16.2) and (15.3), the only difference being that vs in this cas\e
indicates vertical and VE indicates the horizontal ccmpenent of the
speed of the particle. Equation (15.5), and all the remaining deduc-

‘ tions remain in force. Both speed eomponegxts are measured by photograpi:y
under intermittent lighting [100] because this method enables working

. with much larger particles (up to r = 10;») than can be used in the
‘'vertical field method, and 1s an advantage in the preeise'deterﬁinatioﬁ
of ¢ . On the other hand, multiple évercliarging of particles in thig
experiment is excluded. Because this methcd has been. used only for de-
temining moré precisel_y'tjhe siz,e'o‘:f an elementary qh;.rge , the épproxi-

mate value of which was considered as known, the number of elementary

oo

o
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(for variant methods see Chapter 1V, paragraph 25).
;,"_ . X

[Pages 107-123]

‘e

CHAPTER IV. CURVILINEAR MOTION OF AEROSOL PARTICLES

General Theory of the Curvilinear Motion of Aerosol Particles.

: Precipitatxon of Aerosols in an Applied Horizontal Electric Field.

——

The theory of the curvilinear motion of aerosol particles is

relatively simple with respect to the proportionality of resistance of

the medium and the speed of particles, i.e., at small numerical

values of Re . Assphing that the non-inertia character of the re-

i

sistanco of the medium, which was practically observed above with re-

0

spect to the straight- line movement of particles, also holds true for

curvilinear trajectory, we arrive at the following equation for the
f motion of particles in vector form: ) -
m &Y — — G (V— U) +F, o (25.1)

where V and U are.the vectors of the speed of the particle and

of the medium and F .is the vector of external force.

In coordinate form (25.1) is written as

d‘- —e -~ S

dV
m = —6myr (Va— U+ Fai mg¥ = —6mnr (Vy— Uy)+ Fuy (25:2)

where V, is the componenf of the speed of a particle along the

x-axis, etc.

As equation (25 2) indicates, the component speed of a particle

\, along any axis complies with ihe same equation that applies to recti-
" 1line mht*on bﬂcause motlon along the various axes are independent

Bf each other, ThlS circumstance greatly eases analysis of the curvi-

linear motion of pa@ticles.

The situation is different with a large numerical value for Re .

2¢gr 1 (V—U))
.q 1

~ .

4 . .
-.* In this case, considering that - Re= (25.3)

- 37 -

by

’

Declassified in Part - Sanitized Copy Approved for Release 2012/1 212 : 81-01043R001400130002-




CIAD81-0143R00140130002-6

ey 5 BN NET I T e

. ﬁq qpta}n-the following vecto1in1 equation for the mcvement oi particles. Q.Q;
- . ok av, | [BZIV=OLN e

N o 0 UV — D+ P e (20.5)

L “here ‘(V - U)l is the length of the vector Vv =~ U, i f ‘

+

Plotting equation (25 4) along the coordinate axis, we obtain

et ey (2_,__&*:’”“ ,, ““) TV U WY —O)]+F, . 4254)
. au, RANE .

The first member of the right hald of this equntion depends

_botL on thé componcnt relative speed'hlong the x-axis, and on the
‘absolute Qalue of this speea. Thus the speeds along the various axes
.§¥e ﬁotlfndependcnt. The system of equation (25 5) is not generally
¢s§1Ved, and analytic investigation of the curvilinear motlon of parti-
_cles at large values of Re is possible only in certain cases. Be-
wcause of this we sﬁall 1imit ourselves to the investigation of curv%—

linear motion at small values of Re .

The task of studying the curvilinear motion of aerosol particles
may be divided into two groups: motion in media at rest and in moving
media. In the first only particles moving in a horizontal direction
under the action of an external force will be considered, such as an
electrical field.  This is one of the few examples of experimental re-
search on the curvilinear motion of aerosol particles. Taking the
above into’consideration, we obtain the following type of equation for

‘ the settling motion of. particles:

e
V.= mgB =14, ’ (25'6)

) dv,
m —dz— = F — 6rqrVs, C (25.7)y"

. 3 -
- where x is the horizontal and 2z 1s the vertical direction bélow

the axis. _

. . . N .
1f the force F 1is measured sinusoidally.with time, F = F,sin wt,
then the horizontal specd of 2 particle is expressed by formulas
(19.6) and (19.11), and the horizontal displacement'is jndicated by

the formula .
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R - }-’Vi-i-m"r’ ! - (25.8)
-whicp giveg T,

- ‘,:," : lgq.a == ,w/g (25.9)

.

(25.10)

‘:_‘ Thus, thg trajectory of‘a particle is expressed by the sinusoid

.y o FOBCOS('-—'—Q)

. Abbot [170] tested these conclusioﬂs experimentally by photo—

graphing water droplets of "30"to 40P.radius falling through a hori-

.

' zontdl electric field of 60 hertz. The trajectory of the particles

described precise sinusoidal curves. Through the use of special in-

’ -

struments the moments of time corresponding to the value F = 0 which

’

*
o

~epabled determinatiop_of the displacement of oscillation phase P .

. .Thé value @ -found' in this way agreed sufficiently with formula (25.9).
PR R .

'the small variations (1 or 20),apparently are explainéd by de-
’.viafions of the horizontal and vertical components of the motion of

droplets in the formula of Stock.

This method doubtless may be used for the simultaneous-determina-

tion of the size and charge of aerosol particles., However, in this re-
- quét it proved to be more advantageous to work Wwith the constant of the

strength, and the variable of the direction of the field, instead of

Qorking with the sinusoidal curve, In this case zigzag lines, composed

of straight sections, are obtained The vertical displacement, of i
particle per single period of osc1llation is determined by the distance

betweenr zigzags from which (25.10) T and thence the particle radius

"‘;’anezdetermiﬁed,l The horizontal speed of a-particle is equZl to V, = BEq

(fh- is the’&iéld tension, and q is the charge of the particle)l Thus

o

the tangent of the angle of inclination of trajectory sectlons from the

horizontal are equal to v, /V = gm/Eq and, knowing the particle radius,

’

-39 -




" the particle charge may be dotermined. . This "oscillation” method,

developed 'by ‘N. Fuka.and I. Petryanov [171], is very usoful for

" studying tho distribution of charges on particles of a fog with

“radius greater than 0.5fc . In the study of smokes it is essential

that it be taken into consideration that the apparent density of par-

tioles may be considerably lower than the true value. The oscilla-

_tion method was first peoprsed by Wells and Gerke {172]. However,

these authors did not make moasureme#ts on the precipitation of
particles but, assuming that particles had one elementary charge,
measured the amplitude of displacement of particles as they were
drawn slowly through a test tube, and cbmpuped the particle radius.
However, the particles for which the oscillation metﬁod was used

x> 0.5;&) carried, on the average, many more than a single elementary

‘charge (see Table 11); thus the method of Wells and Gerke may be used

only in certain cases, for exampie in aerosols produced by the "germi-

nation" method with amicroscopic nuclei [173].

A variant method developed by N. Rozenblume [174) is very use-

ful for the study of charges in coarse dispersion aerosols under pro-

ﬁuction conditions; the particles are allowed to fall through a

h&rizontal sinusoidal field proﬁuced by a technically alternating cur-

rent. In this method the particles form luminous horizontal 1lines,

the length of which is equal to twice the smplitude of displacement.
By weans of an ocular grid and a timing device the speed of precipita~-

tion and the length of the above mentioned lines are determined simul-

taneously. The computation is described under paragraph 19.

26. Precipitation of Aerosols from & Laminar Flow Under the Action

of Gravity
The most 1mporpant division of the field of the mechanics of
aefosols is that of the motion of particles in a stream of eas.. Thig

chapter explains the motion of particles in a Iaminar streanw. The

- 40 -
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Theuprccipitation of acrosol particles will bc considered iirstr:
; fe 1n 1nminur flow in a hoxizontdl tube of such
smal‘ diameter that verticnl convect;on currents ave either lacking or
'hare so limited that their speed is very small compared to the speed of

N

n'%preéipitution of the particles. 1hus, the calculations included below
apply -to aerosols in laborntory apparat;ses, closed pipes, etc, but not
zto'ihdustnial precipitation chambers. These examples are limited to.
flat’tube§ in-which the,@idth is much'greuter than the height, and to
f;gqnd éuﬁég.‘
fhé yqrtical motion of particles with respect to the medium 1is

expressed by the formula (see (17.4))

; VeaV.(1— e~tiv). ’ (26.1)
. v o-t/e )
The. member € may be ignored if the average time of the

presence .of ; barticle in the tube is high compared to the time of
relaxation T . In this case the vertical speed of the particles

may be considered constant and equal to V; , and the horizontal

speed of the particles as equal to the speed of the medium at the

same point. As is seen from the values of T and Vg for,particles

of various sizes in Table 13, these conditions are fulfilled in ordinary

use with aerosols,

_The speed of passage-thfough the tube is constant for all sec-
tions of the tube, thus, at a distance of the order 0.1 R * Regp ‘from
the mouth of the tube (where R is the radius or half the height of
the tube, and Ref' is Reinhold s number, related to the speed within
t'.e tube) there is a. statlona!y distribution of speed values, expressed
in the case of a flat tube by the formula

‘ L =57 (26.2)
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U. is the avernge speed;

: i,ts‘xkthe distance from the bottom;oi the tube.
" . Y v . \

"rhus, the line oi flow in a txansitional section of tlie tube i§
. LR
inclined from the lloriiéﬂéal. ) .
£

he resultant speed of lammar flow at any point within a flat

e

_-; :tube may be- expressed by the *function of flow (P
SRR S L Ue=0bon U.= — 040z E (26.3)

The, rcsultant speed of particles 1s equal, according to the

atgoy.e‘,v‘to Ux__ah' %:———U, V.____“‘._V

.y PUTIER-ASRE S ._.._—._‘...-A—

"Excluding dt from these equations, we obtain the following

differential equation for the trajectory of particles A

¢ .
' : JZ . E— 26.5)
- : oy ©OHeR) +V, (
-‘or, in another form: : .
_v.dzg.l"dz.{-é—dz—- _ (26.6)

Integrating for all léngths of the tube L , we obtain

. , Vil =ty T
where * (po and (PL are the values of the flow function at various

points Irom the entrance and from the exit of the tube. The flov func-

. tion expresses the volume of gas which flows through the tube per unit
< time b‘etween the bottom of the tube and a given iine (surface) of flow

per one cm width of the tube. Taking (pL 0 , we may find the limiting

‘tré[jectory, which separates the trajectory of particles which precipitate
and’ do not precipitate 1n the tube. For the limiting trajectory at the
" tube entrance (D % V L 3 consequently, if the total flow of gas

in the "tube' is_equal to \II ’ fthen the weight of the aerosol precipita-—
tin_g'in_ tne tube, or,tgmg"“efsectiveness of precipitation" 9, is.equal

# w"‘“

6. ,‘ s A - 9 = 4/ = ViL[¥. . (26.8)

< t e

('I‘h:.s deductlon was provided by the author G. Nathanson.)

© s

¥ —2hU,
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"’Th'is concluslon is derived from the important deduc¢tion that the
B3 '7 . e

e:t:tectivom_ss of pxccipitatlon does not dcpend upon the distribution oI

~speods wuhin ‘thé tube. The Icugth of- tube necessury for complete pre—-

‘ i
< .

cipi{:m-‘.ion 18 "equal to an:-.”'_z, @6.10)°
. L .

Tue ctnnputntion for round tubes is considerabl‘y' more complicated.

i

The distribution of speeds in this case 1s expr essed by the formula ¢

M [AY ) sty e

e :
U ZUi———) - (2611)

s

,wu;ere e is 't:l_xe distance from the axis of tle tube. For t‘h.c sake of
simpl-i'cit;y the distribution is taken as fixed at the entrance of the
tube, and the length of tube Lkp necessary for complete érgcipltatiou
of the aerosol, is computed, For this the trajectory of particles en-
terin(, the tube at the uppermost point of the diameter of tl.le tube and
moving in a vertival plane through the axis of the tube must be found.
The distribution of ‘speeds ir} this plane is given by the expression

U =2’l7(1_-'-' RL:)' where z is the vertical distance from the axis.

As above, ‘the differential equation of the particle trajectory

‘ o o -
is found, _2_1:!_(1_’_.;‘_)= — ‘7.‘; (26.12)
— .

Integratipg for z from -R to R , we have .

8RU
o= (26.13)

This formula was proposed by A. Chistov [176] for computing the
preciplta*lon of aerosols in industrial plants, however, as already

has been stated, in this case the effects of convection currents must
3

be taken.into account. G. Nathanson derived the following formula for

the e:Cfectweness of precipitmtion in a round tube R
9= —(Zp Vi—n f‘—l—arcsmy.l--—p WY1 —p'h), (26.14)

where — R

At m=1, i.e., L =8 Rﬁ/3VS , formula (26.14) gives 3=1

conformance with formula (26.13).

1
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g Iu considoring the precipitation 01 charged particleb from a:

PO
e

.

1aminnr gas stream 1n a flat condcnsor the cases cons;dered will be

;:limitod to that of verx small particles, ignoring Lheix 1nextia,i C.y
as RO thc preceding paraglaphs their motion will be taken as quqsi—

:fstationarv (see equations (17. 19) through (17. 2&)) “The motion of

Zparticles 1n a diraction perpendicular to the plane of the condenser

ig expressed by the equation (Zij)

PR e

where II js the tension on the condenser plates; n’ is the distance
between:the-latter; q 1is the particle charge; B is the mobility of

the particle.

In the study of gaseous jons the speed of an jon in a field with

.8 tension ot 1B° cm -1 45 called the mobility of the ion. This designar

tlon also is carried over to heavy lons, i.e., very small, charged aerosol
particles.: ghus, "electrical mobility" also is connected with the "mechani-

cal mobility” B in the formula

(the coefficient «300 is ratio between the'electrostatic unit of charge
to the volt). As stated in puragraph 9 research'on highly dispersed
aerosols 1s conducted, for the most par@, through electrometric measure-
ment of their mobility u and the latter is the basic characteristic
of heavy lons. The yrelationship between the radius of particles and
their mebility u in the presence of a single e}ementary charge & =

= 4,802 * 10710 el-st unit on the latter is shown in Table 3 and in

e
~

Figure 10.

Hefe we must touch briefly on the size of the charges on aerosol
particles. These cherges may have various origins: in the production

of dust aerosols the particles reeeive triboelectric cha}gesq in the

- 44 -
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.pi-ogiuctjiorg of liquid aerosols the droplets become charged because -'o';

Tluctuations -in the concentration of ions in the liquid; 1in.acrosols
. A ; : . .

formed at high tomperatureslfhé chafges are caused by thermionic emis-
. ) L : i
slonsj., £inally, the procipitation of gaseous ions and electrons on

aerosol particles, which is a general sowrce of charges, is extremely

impoftant. .

gegardless of the_%nitial distribution of ch;rges on aerosol

particles whgch{ due to the continuing precipitation of igns are con-
tinuously formed in a gaseous mediium, the distribution gradually ap~
‘proaches the determined stationary state. As indicated by theoretical
and experiﬁental research in the aerosol laboratory of the Institute
of Ph&sical Chemistry imeni L. Ya. Karpov [177, 178], the stationary
distribution of charges at ; symmetrical bipolar ionization of the .
gaseous medium is expressed by the iirst approximation of the formula
of Bol'tsman: the weight of particles with W elementary charges
(Y is a positive or negative integer)'?s equal to

(vey .

2rkT

foy=g¢ ",

()

Foo _ (w)t
E.—.Xe 2rIrT.
Thusthe stationary distribution of charges does not depend upon
the degree of ionization of a gas, but upon the time necessary for the

establishment of this.distribution; the shorter the time, the greatér

o

the ionization.
¥y o

The radii of the majority.of amicroscopic particles in the
atmosphere, called "condensation nuclei' and "heavy ions,“ have a-sizé
of the order 1 ‘t_o 5. - 10”6 cm. Because the distribt{tion of charges
in atmosphéric aenoéolg‘is close t; that of stationary aerosols, ac-

7‘ cording to formula (27.3) we obtain the following (Table 11) distri-
“ bution_of charges, inzwhi&h n, is the percentage of non-charged

- 45 -
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i “_.pirticlqs; 76i is the number 6F paréicles'with a single elcmentary

. -

chm.'ue,, ete. -

.- [

"’y TABLE 11

DISTRIBUTION OF CHARGES OF PARTICLES OF HIGILY DISPERSED ATHOSPHERIC AEROSOLS

Copg0vest |, Mg n n, “ny

R IR I R () -
. 3 55 | 43 -
« 5 43 8 | 88 | 04

Thus the percent of pulrticiles with several elementary particles
is not large,’ and with the aid of Table 3, the size of these particles
may i)e determinad according ts their mobility u without greatly in-
creasing the errors. A classification of ’particles of atmospheric
aerosols according to their mobildty [179] which is used in atmospheric

physics is included below, indicdating their size (Table 12).

TABLE 12

CLASSIFICATION OF PARTICLES OF ATMOSPHERIC AEROSOLS ACCORDING TO THEIR MOBILITY u

. Particles v 7+10° cu
. g

Supercharged ions <2,5-10"¢
Heavy (Lamzheven ions} 2,5—10-10"¢
Large "average' ions 10-7—10-2
Small “average' ions >10-

If the tension is expressed in v_o}t:s_,_formula (27.1) becomes
. d e T -t i
V.= .a-z[-=17u/h. (27.4)

The motion of particles in a direction parallel to the condenser plates

is expressed by the equation dz_t 97.5 '
L=UQ (27.5)

where U is the speed of flow of the gas. From these equations it
follows that a particle entering the condenser at the platec having a

charge of the same sign reaches the other plate at a distance L

(Figure 24), equal to U(z)dz = T (27.6) .

Ty = i

h —
A x [
1
0

similar to (26.10) this formula holds true for any distribution

of epeeds of flow in the condenser,

--46, ~

—
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R H, ::1‘-&4;.‘:‘?:: 'A.n B "‘ - T e T i - LN
Thus, "the'distance Which a particle traverses along the con- '
©* denser 1s inversely proportional to itsfmoﬁirity u . A deservedly

. ‘s

“gfcéildﬁdﬁﬁy;bﬁwut;entioﬁ‘has been focused on this fact, although at

: :-that tiﬁe ?hé qetﬂbd for determination.of‘the éobility of partlicles
in h%gﬂly disﬁZrééd aerosols proposed by‘ChFumen [180) was not yot

- ayailaﬁle. The aerosol is groduced through the slot-shaped nozzle B
1q;thé f;ggﬁ—angle tube (Figure 25), through which pure air is blown,.

Tyc aerosol stream has a direction pn*allgl to the walls‘of the tube,
‘-‘and its-speed is émal; compared to the speed of the air in the tube.
Thus, the strean in the tube must be laminar. The tube walls Al and
Az are condenser walls. Particles which are given similar charges by
the wall Al move as discussed above and precipitate on.the wall 42 ,
‘-traversing a d;st;nce X, along the condenser (see (27,6)). The speed
- of the aerosél exactly in the center linc between the walls is equal to

the speed of air in this.plane (1.5 U). 1In this case the distance ko

~ "will be twice as small as in the previous case.

Two methods may be used for the determination of xo + micro-
scopic study qf the precipitation of particles, or measurement of the
amount of electricity contained in the precipitgted particles. In the
first case the wall Ao is covered with a copper grid which is coated
with a thin layer of collodion, on which the particles precipitate.
After the experiment is concluded the precipitate is studied under an

electronic microscope.

The distribution of mobility u of aerosol particles (similarly

to the distribution of their sizes) is expressed, as a rule, by-a con-
s s . . . \

o c

-tinuous curve (which, however, may have several maximum values). The

’inumber of particlés with mobility lying between the limits u and

.

U 4+ du . is equal to dN = /(@) du. (27.7) ""’...,
. : 5 )
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-.x L
d by the formule_

fota

jdN'=% (:t) x4

pressions (27 7)'and (27 8) are e uated.

: then f(u)' is propo

kX

- .

Measuring the

articles on the micrOphotographs obtained, and calculating with

PR
t"n,:,, »—.,_» .,

which particles wauld have at one

mined"'A study p! this type, which as yet has not been undertaken, would
. 2 * - ot

of.the problem of the number of elementary chnrges .

on very small particles.v‘ '

- U S R

.5\1? the second metliod a narrow electrode d (Figure 25) is in-

eerteduin the condeneer véry ‘close to the wall A2 , bit.insulated trom

; the latter. The electrodé is:connected with an electrometer and may ‘be

. "’ v

moved along the condenser. The charge obtained on the electrode, then,

;isiequel to‘the\nﬁmberfof particles precipitating on it and is increased

by the average charge :E of the particles, i.e., according to (27.8)'
!ituie_equal to aq(x)ZS; , where Z&x is the width of the electrode.

Thu;; this method givee not the distribution of mobilities £(u) , but
the function q(u) !(u) where “(u) is the average charge of parti-

cles with mobility u . Only .in cases in which the size q(u) may be’

Calculuted theoretically, or when the very small. size of particles )

enables the assumption that they have only a single elementary charge,

N ‘“ (RN

does this method enable determination of the distribution f(u) N

N - s e
. o1 - N

t

P Tne dlfferential" method of determination of the mobility of

Ty, - B4 ln; 2 N e ¥ . v
. . RN A

‘aerosol particles described herein has a great advantage over Widely

‘—48 -




v
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used "integral" method, in ‘that it ylelds directly the percentage of

particles with a degree of mobility within given narrow limits., On the

other hand, the current which flows through the electrode in this method
is so small that its measurement is fairly difficult. ;
The general (integral) method for determinaéion of tye mo-—
bility of particles consis?s éf Ehe follawing: an aerosol pagses through
the condenser with ; constant.Spced} .one of the condenser, plates is con-
nected with an ammeter, and the current I , flowing through this plate
at various degrees of tension II in the condenser is measured, i.e.,
) the iII. 1) curve (characteristic) is determined. The distfibution
- E(u) f(u) [181, 182] is determined on the basis of this characteristic.
‘Theoretiéally speaking, condensers of any shape may be used, but thé cy-

lindrical shape, which has many advantages, usually is used.

In the laminar flow of a gas through this type condenser (Figure
26) the speed of flow, and consequently the speed of particles in a di-
rection parallel to the axis of the condenser V(@) » is a function of

the distance @ Zfrom the axis. The field tension in the cylindrical

E=1/pln (%,) (27.9)

condenser is equal to

where R, is the radius of the external plate, and Ry is the radius

of the internal plate.

The radial speed of pdrticles within the condenser, then, is |

_— -

1 ¥ R
; V,=ITu] pln(ﬁz).‘ AL

PR

Taking the outer plate as positively charge, a posi;ively charge
particle moving radially toward the inner condenser plate! which is con-
necteﬁ with the ammeter, traverses in the time dt EBS distance

dp = —II.ud:/pln(fT").
At the same time, the particle traverses along the condenser axis

the distance . dz="U(p)dt.
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Eliminating dt £rom thesc equations, we have . } .
dz=—U@pin(i)dp/ Mu. (27.41)

If a particle entered the condenser at a distance ?1 from the axis,

it reaches the inner plate at a point with the coordinate v

R, (] . :
. In(R:/ R
z=— RGN (U rpdp =" | e 2742)

9 i 3 ’.
Assuming that aii“?ﬁé‘fﬁPfTblé§“ﬁhVE'ﬁ niform mobility u , 1T

“the length of the condenser is L , those particles will reach the inner

condenser plate, for wbiclf x 24 L . For these particles (’12 Po ’

-
X

where Po is determined by the 0qua§ion
Pe

n (l};{‘l‘?l) S U (?)P‘IP =L (27.13).

- o [y

R e -
-Thus at a given temsion II , those particles which entered at

a distance from the axis of less than Po will precipitnfe in the con-

" “denser. If n positively charged particles with charge q are contained

- per cmd , the number of particles passing through and precipitating on

the inner plate per unit time for a ring-shaped section limited by a

circumference with radii Rj and Po (Figure 26) per unit time, is
o
N= g U (p) 2 mp dp (27.14)
! It .
The current flowing through the inner plate, is
P

I=gN.=2qn g Ulp)p dp : (27.15)
R,

or, according to equation (27.13)
I = 2=gnuLT [1n (IR—&) (27.16)

Thus, the current is proportional to the tension on the condenser plates.

Ry ' .
nme

R,

when the tension reaches

-

(i.e., 90 reaches R2 , all. positive particles entering the condenser .

. precipitate on it, and if the tension is increased even further the
3 .0

level of the current 1

s remains constant (saturation current, Figure

27,a).

Whereas (2118)

where 45 is the volumetric speed of an aerosol in the condenser, then

“from ecquation (27.17) it follows that u==!£%%fﬁ%l2. . (21.19)

..‘50 -
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Thus the mobility of particles may be determined by the point-of .

diseontinqity of the churucteristic. As in the preciouS'examples all
the formulas introduced above remain valid for any distribution of
Speed 6£ flow in the condenser if the lines of flow are rectilinear

and parallel. It is 1mmediate1y Clear that the saturation current is
‘ I, = qno (27.20)
ositive particles contained in one

cm3 of égrqsol may be determinedt All the foregolng algo applies to
negatively changed particles if the condenser plate connected to the

electrometer has g positive charge,

.
0

If an aerosol contains two groups of particles with mobility uy
and U, , charges 4; and 42, and concentrations 1 and ng , then

In Figure 27

determined.by experiment, igs
shown by a 36116 line. The mobility of particles of both groups is

indicated by the points of discontinuity in the summary characteristic,

The angle between the branches of the characteristic is more or
less rounded, depending upon many causes, When only two groups are
present this circumstance hasg no particular significancc, but if there
is a large number of groups a smooth curve may be obtained as well as
the broken line. On the other hand, occasional errors- in measurement
of shooth curves, which must be obtained in fhe hirect Spectrum of the
mobility of particles, éasiiy,may lead to errors in conclusions as to
the presence of discontinuities in the‘characteristics, i.e., concerning
the existence of discrete groups’ of mohlities, It is.beyond doﬁbt that
in many studies of highly dispersed aerosols'of vérious'origins’in'which

’ discrete ﬁobility g}oubs were found the researchers ;ctually were the

victims of this type of self deception.

15
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In the case of a smooth characteristic the distribution of
mobilities is calculated in the following manner, First, it is as-~
sumed that all particles havc a single elementary chaxre, and that at

a tension TTi all particles with mobility greater than uL pre-

cipitate in the condenser. Thg nelqtionship-hefween TTL and u,
‘ t 5
is givén by the equation “la ' s . .
__Iln(R;/R) @
L= zxLuL = (27.21)

The curfent supported by these particles, according‘to (27.20),
- .
I,= (Deng f (u)du . (27.22)

uL

particles with mobility less than u according to (27.16)

ur
produce a current equal to _ 2nelIT;n
= I X uf (u) du. (27.23)
0

Thus, the total current is equal to
T : 2nelIT
I=h+L=0m { [@dit+ e
UL

’TFWS uf (Wydu.  (27.24)

Differentiating (27.24) for TI, , we have
dl duy, 2rel 0Ty nu, flu,)  dug
amr, = — @/ Wiy + ey iy,

uy,

2reln
:+ (.71 S af () du.

In accordance with (27.21) the first two members of the right

side of this equation may be comblned giving
uy,

' _il__ 2=eln 2
A, = Tl T \ uf (u) du. (27.26)
0 .

From which it follows that

[—1I, m_ =h=en S f () du, (27.27)

where h 1is the length of a segment intersecting the tangent to the
3
characteristic at the point uL along the ordinate axis (Flguxe 28).

Thus,'thié segment is proportional to the number of particles, the

mobility of which is between u and &6 , in which uL is determined

by the corresponding tension ITL according to the formula (27.21).
this method the spectrum of mobilities of particles is determined or,
in the case that the charges on the particles are not uniform, the func-

tion H(u) f(u) is determincd, This method has thc disadvantage that

- 52 ~
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swall 6rroys in the determination of I 1lead to significaunt errors in

the sizo of segments on the ordinate axis, and consequently, also in

the Vélue of the distribution function.

L4

In research on the spectrum of mobility of particles in the
- atmosphere, because of the usual variations in the general content of
éerosol pérticles in the atmosphere with the vﬁssage of time, the me-

¢

thod descriqu above may lead to 1ncorrect results. In this case it
X .
13 advantageous to use two condensers [181] the air passes through

ey,

‘the first cohdeiser dith tension IT' the currént 6f Which (not

e
¥

{ measured, Il) is expressed by formula (27. 24), and then pusses through
N.the second condenser, in which the tension is such that practicglly aii
. particles are precipitated. The current 1eVe1 I2 in the second con-

denser, which is measured by an electrometer, ig equal to ét_n -1 .
1f the tension in the first condenser is equal to zero, then the cu;—

v rent passing through the second condenser is Qen =I5, and is propor-
tional to the volume of charged particles contained in the air. The
measurements are performed as follows: after determining the level of
the current 12 , corresponding to a given tension T, I, is measured

. and the value of the relationship (I - I,)/1, = Il/Io , after which TT
is increased somewhat, the corresponding current I, is determined and
I, 1is measured again, etc. This is the “normalization" of I, to a

" constant volume of charged particle content of the air. Although the
prop051t10n that the d15tr1bution of the mobility of pazticles in the

’ atmosphere does not depend upon theix concentratlon lies at the basis of

this method, it is accurate only in special cases; and the two ponden—~

- ser method gives much more desirable resuité than the single condenser

_method. In both methods it is desirable to eliminate gaseous ions from

.-the air before hand, so that the air may pass through the-secondary )

-condernser at a low tension, sufficient for the removal of all gasedus

jons with their high mobility of the ordér one. At the same time the

" number of particles charged by this condenser is not large.

- 53 -
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‘fg is emphasized th;t‘éll the forcu&ing is true o#ly for the
laminar flow of a gas through the condenser. The phenomena are con-
s@derably different for turbulent flow, and the curren£ which flows
through the condenser at a given tension is markedly less than. given

by formula (27.24) [181] (sce equations (46.7)‘through (46.10)) .
vy o 5

As already mentioned, electromgtric determination of, the mo-=

\ [ v :
bility of particles ig the basic method of jnvestigation of highly
dispersed aerosols, and particularly of the highly dispeﬁsed poftion
of‘afmbspheric aerogols, because in this cdase the particles are too
small(for ultramicroscopic study. On the other hand, the precisipn
of the electrometric method decreases with an increase in the size'of
" particles. Because of this, in conformance with the equations intro-
duced above, either the condenser current must be increased, or the
speed of flow of the aerosol must be decreased. However, at very
high field strength electrical dissipation, local discharges and
other complications arise, and at slow speeds of flow convection cur-
rents in the condenser create serious difficulties. The upper 1imit
of applicability of éhe electrometric method ;ay be téken at r = 1078 cm,
which is somewhat greater than the lower limit of applicability of ultra-
microscopy with aerosols. Thus these two methods supplement each other
and enable investigation of aerosols of practically any degree.éf dis-
‘persion.

It is noted that in electrometric investigation of highly dis-
persed, non-charged aefosols’they first must be charged with the aid
of radiocactive preparations [183], etc. The following obsgrvatibns
[184] are important in the practical applicatipn of the latter: if the
air intake tube is made of rﬁbber a considerable 1oss in the number of
charged condensation nuclei is notéd in the tube because non-charged

nuclei are found in very small numbers. This effect is'increased if

- 54 =
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‘tho tube is bent, and."he eiféct disnppenrs if the tube is coated with"

con-
2

" a conductmg liquid. Apparently opposite charges are formed on the

3
, v

- cuve and convex walls of the tube,
- AL : . \

1ike ap electric field

and the interior or the tube acts

>

(

s - Cochet [185] studied the precipitation of non-charged droplets

i in air aq rest in a charged,.horizontal cylinder of in£1nite length

N

" (for exgmglq, in elegtric conduits), i.e., with simultaneous action of

gravity and tl{e force of electrical induction. Ignoring the inertia

of particles and assuming that the air resistance is proportional to

- the. first degr;ee of the speed of the particles, Cochet found the fol-

‘lowing expression for the coefficient of precipitation of droplets (see

- equations (31.15) and (31.16))
) 0= (mﬁg)'l.

8vgR (27 28)

where ), = (ex—1)/(ex + 2) €, is the dielectric permeability of the

N particles; R i{s the radius of the cylinder; Eg is the field temnsion

at the cylinder surface, combining the charge per unit length of the

cylinder with the, formula E_ = 2q/R .

Formula (27.28) 1is applicable only when 'E¢>4/4ngR/3)' in

the opposite case 3 may be determined only by mathematical methods.

- The quantity 3 1is not dependent upon the size of the particles be-

cause both the gravitational effect and the force of induction are

proportional to the volume of particles.

- Experimental determination of 3 by means of photographing the

- trajectory of particles which precipitate on a chargad cylinder have

or 88 el. st. un., and =T & 25 -

shown that at R = 0.6 cm , By = 47,

the correlation petween theory and experience is very close, i.e., the

- inertia of particles actually may be ignored. At r = 4080 and E, =

;., = 88 el. st. un. the experimental value ot 3 1is 14% greater than that

a,use of the inertial effect. .

computed according to formula (27.28) bec

- 55 =



'Thc prucipitntion of particles fn‘an ;1§ct;1c field is“wideiy
upplicd in 1ndudtry for cleansing gases of dusts, fog, etc. in tﬁc'
electric filters uscd for this purpose the nebativcly chn1gedlinner
plnte 01 the condenser has a very small radius (on the ordcr‘d!'i'mm),
which creates a coronal discharge and consequenéf; a high concentra-

- .

’ tion of negative gaseous ions and eléctrons, which transmit the charge

}o the parglcles. Thus, two processes take place simultaneously in an
" electric f;lter: the charging an& precipxtation ;I particles. (The
( field of an électric filter also caused the "parallel” coagulation of
' particles (sce paragraph 52).) Furthermore, because of the stroné 19nic
’wina accompanying the coronal discﬁarge, the flow of a gas'in an elec-—

tric filter has an irregular character, and the precipitation of parti-

cles must be computed as described in paragraph 44,

Recently, eléctrlc filters have apéeared in which the two pro—
cesses described above are separated spatially; in‘the fir;t part of
the filter the particles usually are only charged, and in ‘the second
only precipitation'takes place [186]. In this design 1t was found
possible to use positive cqronal electrodes, which result in the forma-
tion of air oxidation products much less harmful to the organism (nitrogen
oxides, etc) than those produéed by the negative electrode., Because of
this the latter méthod of precipitation of dust has great importance in

air conditioning.
[pages 146-152]

33, Slit Apparatuses
In aerosol research, especially in hygiene work, slit apparatuses

are extensively used for the precipltatlon of particles [215] In these

’ apparatuses the aerosol passes through a flat slit or through a round

opening wifh'a speed on the order of 100 to 200 m-sec—l, behind which is a

glass plate at right angles to the direction of flow. The'aprosol stream
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1eaving the slit 1mpinges on the glass plate and sp@lls over it. pue

to inertia. the particles leave the line of tlow and precipitate on the -

plate. The precipitate, in the toxm of a strnight line or round Spot,

is stugied under the microscope. To facilitate aﬂhesion of solid par-

’
P

*ticles to the plate, the latter 1& coated with glycerine, a mixture of
rosin and castor 011, polyisobutene, etc, ‘'or else “the apparatus chamber
is rendered highly humid thrOUgh the use of wet paper.. Because of
ddiabaéic expansion of the éas leaving the slit wmoisture precipitates
on the particles, which enables their adhesion to the plate. If the
glass plate 15 replaced with a slowly rotgtiﬁg Petri dish covered with
a layer nutrient agar, a convenient instrument is obtained for deter-
mining the number of aerosol particles per cubic centimeter of air

which contain any type of microorganism [216].

In the impinger precipitation occurs with water at the bottom
of the bottleneck., The aerosol is passed through a tube with an elon-
gated tip, which is several millimeters from the bottom of the bottle-
neck. When the aerosol is passed through the apparatus the gas dis-
places waéer, the bottom of the bottleneck is moistened, and the par-
ticles which impinge on the wetted glass surface mix with the water.
The particles which do not precipitate upon impinging on the bottom
of the bottleneck apparently are cauBht by passage of gas bubbles through
a water layer. In this case the particles are studied in the suspension

which thus is ‘obtained.

The various types éf ;lit walls include flat (Figure 42,a) such
as the'impactér of May [217], or round, such as the apparatus of Owens
[218] (Figure 42,b), or of Bausch and Lomb (Figure 42,c). In the case
of a round apertupe the walls are conicél such as in the conimeter of
Cochet (fiéure 42,d5. As will be seén below,’ the profile. of ;the s;it’

in several instances has significant influence on the functioning of

- 57 ~
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T i upparatus, . Tne ratio or the distancc between thc. -walls and the

.

plate to the width of the slit ranges from 1.0 fo 2.0 in various de-

signs and, according to many autho1s, has no noticeable effect on

PPN - en i

the eIIiciency ot pxecipitation.

)
"

Davis [219] has made the only attempt At strict caltulation of

the movement of particles in slit dppnratuses. In this wonk he assumes

1% I I PR ‘R 4 & o3

that the length of the slit is infinitely great compared to its width

211 and that: the flow everywhere is potential, but inside the slit and

on the plate at a suf:{.’icient;y great dist;a.nce from the siit the flow
. . . i ¢ ' *

is recti%inear and parallel-to thg walls, with spged .constant for all
sections of flow (i.e., the boundary layer is lacking). .Onvthe bx{sis-
of the latter the fiel(!l current was determined, and in particular, the
following relé.tionship was deduced between the‘ equations ﬁ d/2h and
h/A » Where d 1s the distance from the slit to the plate, and A
is the thickness of the stream at an infinitely great distance from the

slit (Figure 43): 2 1)1 i i .
po s 1 o

Furthermore, the trajectory of particles and the effectiveness
of precipitation in the function Stk = Zi/Zh for o =1.0, 1.6,
2.5 , and 5,0 , were calculated by the approximation method described

in paragraph 31. The curves for o = 1.0 (P =) and o = 1,6 (p: 0.8)

are shown in Figure 44, including data obtained in other theoretical and

experimental investigations described below. The values of T/ETT:VIJZ!!.

were plotted on the abscissa, which are proportional to the radii of the
R4

particles, It may be seen from the curvés of Davis that there is a criti-
cal value of _t'he Stock number ‘(Stkkr)’ below which precipitation in the
slit apparatus is equal to zero. TFor o =1 , St:kkr = 0.16 ; for

K= 1.6 , Stkkr = 0,12 . These values of Stky,. are very close to

those found exberimentally (see below), However, in computing the movement
of particles along the central axis of the line of— flow ‘(passing through
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“ goincides: with the analytical results of L. Lavin [220] (see (34 13)

T 'through (34 16)) for a vnlua of l/n ," but differs greatly “with. the

experimental value, Similar discrepancies are obtained for critical -

f1low at different values of ct , also. An explanation of the cause

‘of this discrepancy is rather:diﬂicult.
* i

Attempting calculation of the etigotiveness of precipitntion

* )

of particles in a slit apparatus by the following primitive method, we
haue“ assuming that Z:S" h , thut the speed of flow U, is constant
ior\all'sections of the stream throughout its length, and that the line
of flow in truncated sections is that of other circles with centers at
tye points AA (see Figure 43), and assuming that the tangential speed
of particles and that of the .medium coincide, then the speed of a parti-
‘éle normal to the line of flow is U' = Ugt /P , Where f is the radius
'of the curved line of flow, and in time dt mixes in relation to the -
medium at a distance dp =Vp dt in the direction f or at distance

dz = Vb sing dt 1in the direction of the plate. Assuming that the de-
gree of complete mixture of the particles with respect to the medium

is small during the time of movement along the curve, i.e., is constant,,

we obtain the following equation for the component of ti\is mixture in

the direction toward the plate

U sin i ‘ '
Az ._S _L;._i_dz = Uy g singde = Ugt= 1. (33.2)
o
(In the work of Wilcox .[221] the expression -;—li for Az is incorrect.)

4 - .
Thus, the following simple expression is obtained for the effective-

(33.3) -

ness of precipitation 9=Ulh = 2Stk.

Although at large values of 3 formula (33.3) more or less coin-
cides with the experimental results it has one major disadvantage: ac-—
cording to this formula the Stock critical number does not exist, which ,

contradicts the more strict derivation mentioned above, and contradicts,
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" gactual data (see below). The causu.-of this cnor is. not ‘aifficult to-

sce: at small values of .9 and StL prccipitation occut's qn}y ﬂton

the lihes oI Ilow closest to the axis of th¢ s1it and passing close to

Mthe point of stagnation, where’ ﬁhe spced of flow is greatly decreased
and the inertial mixing of partgéles from the line of flow is insibnx-
ficant: In a simplified fiéld cwrirent the speed of flow along these
1ines ﬁﬁa.the {nertial mixing is groat. Tor 1ines of flow far from the

axis of thc Sllt a simplified ficld current approaches the true valuc

and our pr1m1tive calculation is more oOr 1ess correct.

Turning to the ctp011mcnta1 data on the effectiveness ol slit
;pparatuses, it is necessary to bear in mind that for comparison with
theory only the results of experiments on the precipitation of fogs
fay be used becausc cxperiments with solid pnrticlés result in many
pomplications which will be discussed later. Apparently the most pre-~
’cisc experiments were those performed by Ranz and Wong [22?] on fairly
monodispersion glycerine fops with the radius of particles vavying in
different experiments from 0.17 to 0.6%w . The width of the flat slits
was 0.2 to 0.7 nwm, of round apertures 1.0 to 1.9 mm, ard the speed of
flow through the slit 10 to 180 m-socﬂl. The value of the fgnction
d/2h ranged within the limits 1 to 3, and had no marked influence on

- the results. The results of experiments with flat slits are shown in
Figure 44 (oxperimental points and the curve which they describe). The
_value ~0,11 is obtained for St:kkr . A fairly accurate curve is ob-’

iéained for a round apcrture'i¥ the abscissa of ail points of the curve

. for a flat slit are decreased 1;S—£old, which results in greatdr ef~-

fect;veness than a flqt ¢lit with the samc width.

The experiments of 1ay [217] were conducted with'a cascade im=
pactor, i1 which the aeronsol passcs suct ssively thxou"H four slit ap-

paratuscs with increasingly payrow s1lits, greater speeas of flow, and’
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_ :inc}easingly fine fraction. Figurc 44 contalns the results obﬁuinéd
-at the third cascade, with one ww slit width, and a spced of flow of
.50 m-sec"l. It may be scen from the curve of effectiveness of preci-

pitatioq included in May's article for cach cascade in the function of
ghc sizé of droplets that breaking off, for example, at Stk = 0.06

(see Figure 44), Stk must be close to this value. lHowever, May

[}
3

himself makes no reference to this fact, and he arbitrarily passes his

curve (9, stk) through the first coordinate.

In the majority of work on slit apparatuses only a minimal size

-

-gize of particles completely precipitated in the apparatus at a given
speed of flow was determined (i.e., the minimal value of Stk for.
3 = 1). The results of ‘expensive experiments of Wilcox [221] with ap-

paratuses of various design and width of slit ranging from 0.25 to 6 mm

at speeds of flow from 2.2 to 174 m's_ec'1 aire widely scattered, as may

-

“be seen in Fi,-ure 44, which renders the discovery of any dependent re-
lationship between Stk values corresponding to complete precipitation,

and the functioning of the apparatus quite difficult.

Furthermore, from Figure 44 it is seen that the coincidence be-
tween theoretical and experimental curves of the effectiveness of slit
apparatuses, and between the data of various researchers is quite poor.
’At the present time it is difficult to éstablish the basic cause of
these discrepancies. The characteristic difference between theoretical

“ and experimental curves is that the latter bend markedly to the right
: ¢ -

" at large value'o{.a , which means that the particles which are moving

in the lines of flow farthest removed from the slit axis precipitate

extremely poorly and that the theoretical calculations introduced above

" are not applicable to these particles. In all probability this is

explained by turbulence which inevitably arises at the free surface ‘of

the stream and at its exit from the slit, and which causes scouring

- of this surfacec.
- 61 -
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»
In work with solid acrosol particles the effectiveﬁuss_of 8lit
apparatuses may bo considerubly decreased due to blowing away of pre-
cipitated particles from the glass plate. Under the conditiqns wﬂich :
obtain in working Qith these apparatuses large particles are blo&é away
easier than small particles, which occurs not only at the lower,'b;t

also at the upper limit of size of particles collected by the'agpgratus.

‘
. .

Thus, acc;iaing to the ébsérv;tionﬁ of Ts. Pik and‘pg Shurchilov [223]
the maximum radius of particles of\qarbofundum dust contained, in the
apparatus of Owens is equal to 1.8p without wetting, and 3'7F’ with
wetting. Acéording to the experiments of Jordan [224j, in the apparatus
indicated in Figure 42,a, quartz partiéles yith r =2p and .1;p begin
to blow away markedly from a dry-glass plate at an air speed in the slit
equal to 60 and 150 m'sec—l. The phenomenon of blowing off of particles
in apparatuses with round apertures leads t;‘a curious effect:; a diffuse
ring of 5 to 10 mm diameter, consisting of particles blown by the stream
from the center of the precipitate often may be observed around a thick
central precipitate with diameter of the order of 1 mm which is formed
directly opposite the aperture when the speed of flow is sufficiently

decreased [225].

The blowing away 6£ particles in the Owens apparatus (see Figure
42,b) 1is especially great when the spced of the air stream is very high
(300hm-sec-1); blowing away of particles also is marked in particles
with r = 0;5;5. The blowing away of particles is considerably less:
for the Bausch and Lomb apparhtus (see Figure 42,c) at an air sPeedroI
apprbximatély 150 m-sec™} [218].

.

- The best method for control of the blowing away of particles, ap-
parently, is_ that of smearing the plate with. a sﬁfficicntly viscous and

adhesive substance. By this method the blowing away of particles'of

coal dust with radius up to'qu was practically eliminated at a speed
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of flow in the slit of 200 to 300 mesec™l, without the couéing particles

with 1 = 4@ were completely blown away under these conditions, Moisten-
: Lo

-ing of the air gives considerably poorer results than coating of the

.
0

. plate, not only for coal, but also for hydrophililie quartz dust [218].
)

Ano?her secondary phenomenon natural to slit apparatuses is
the bredkiﬁg,up ‘of hard aund brittle substances subh as quartz and
orthoclase into particles of 5 to 10@ diameter {226]. It is in-
teresting that soft, plastic paytip}gs, such as plant spores, arc ex-

_cluded from this entirely.

In working with Qusts containing aggregated particles the

breaking up of aggregates £y the air current may be observed before

. the particles impinge on the plate; .The fact that aggregates actually
-break up before coming in contact with the plate was demonistrated by
pavies in the following manner [218]. Conlndust was passed through a
0.4 mm slit without a plate, and the calculated concentration of dust
(by means of a thermoprecipitator), and the distribution of sizes of
particles before and af'ter the slit Qere determined. The dust was not
changed at a speed of 50 m-sec—l, but at 170 m-sec—1 the number of small
particles was considerably increased and the large particles were eli-
minated. When the dust was contained in an apparatus with a well
_smeared plate the number of particles with 1 radius was unchanged,

the number of particles of more than lfu was decreased somewhat, and

the number of partiéles of less than 1}» was ingreased severgl folq.
_:The effec? was soméwhat dec;ea§ed in moist air because the moisture
— makes the aggregates more stéble. The effect dcpendS'gréatly upon the
. profile of the slit: the effectAis much greater in slits with a rounded

brofile than in conical slits, The cause of the breaking up of aggre-

gates, according to the opinion of Davies, is the great relative speed

of motion of particles and medium in entering the slit because of the

Declassified in Part - Sanitized pr Approved for Release 2012/122 : CIA-RDP81-O1043R01400130002-6



inertin of the purticlcs. Thus, in slits described 1n’Figur§f42,b the

ot . - !
,relative speed of particles with radius lva reaches 150 mesec . It
1s-clegf that with a conical profile, i.e., with a uniform increase in

H

the flow, the relativq speed must be less thqq in the case of a rounded
4 A o

T I, -

profile. An iﬁportuﬁf fgctor in ‘the bgeakinﬁ ﬁb of particle aggregates
.the nouuu}{?rmity of fib@, and the prescnce of very great, gradients. of
sﬁéed of i‘;w at the exit from the slit (see (58.3)).
v
. According to Davies, in slits with rounded profile the particles
als; precipitate on ihe walls of the slit itself: This phenomenon is
epﬁanced by an increase in the linear speed of éir in the slit, and be-

-

éause of this it is especially pronounced in the apparatus of Owens.

A

Several industrial apparatuses for the removal‘of dust from
gases [227] are based on this principle of the impinging of an aerosol
st;eam on a surface: the gas is passed through a large number of
apertures of 2 to 5 mm diameter in metal plates and impinges on another
piate placed parailel to, and at a distance of 2 to 3 mm from the lat-
ter. Unfortunately, there are no data on the effectiveness of these
apparatuses with respcc; to particles of determined size, and compa§i~

son with theory is impossible.

[Pages 175-189]

CHAPTER V, BROWNIAN MOVEMENT AND DIFFUSION IN AEROSOLS

38. Diffusion Precipitation of Aerosols in an Immobile Medium *
¥

The precipitation of aerosols, caused by Brownian movehent, on

"walls," i.e., on surfaces in contact with aerosols of solid or liquid.
bodies, has great practical significance. According to the material
described under paragraph 56 it may be assumed that the particles which

touch the wall stick to it, and in the absence of strong vibration of

air'burrents, do not return to a suspended state, The speed of
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precipitation of particles on walls ﬁay be determined here bf computiﬁg

the probability of the attainment of known limits composed of the de-
LN . . .
termineqd ﬁhape of pa{;iﬁ;es. This.propability is computed with the aid

‘

of the iunction W*~E QQ%bh is explgincd in paragraph 37. However, in
most cases it is more convenient to treat this situation as the diffu-
sion of a 1nrgé number of uniform particles to an "absorbing" wall. Be-
cause the partiéles which touch the wall -immediately leave the gaseous

space, the concentration of particles at the wall may be taken as equal

to zero. In all cases discussed below, except those which are indicated

- otherwise, it is assumed that the particles do not have a regular motion.

1. Taking the most simple case of a flat wall in contact with an
unlimited volume of aerosol which has throughout a uniform starting con-
centrati;n n, (the case of a vertical wall). The x-axis 1is placed
perpendicular to the wall, and the' starting coordinate is placed on the

latter. The concentration of particles n(x, t) , it ‘is known, must

satisfy the equation on _ .9 . .
5 =Pz . (38.1)

and also the starting condition

n(z, 0)=ny tor >0 (38.2)

nd the limiting condition
* ¢ n(0, 8)=0 r t>0. (38.3)

This problem is solved through the expression [274]
) x 2 x{V aDt
. n, . n . 2 .
n(z, f) = g ~Dt gt = 2 (gt = E (—-_ 4
0 V/szoc TV §; Fde = nofr] ap)’ (38.4)
where -Erf is the integral of probability (function of Cramp). The ’

distribution of concentration of particles, expressed by formula (38.4);

3

is-shown in Figure 50.

from formula (38.4) it follows that the concentration gradient
at the wall is 6n/61§:°==n0/]/52ﬁ, and the number of particles pre-

cipitating per cm? during the time (%, t+dt) is equal to

: an D ' .
Idt =D azw(ll =n, l/;;dl. (38.5)

S ( o B
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From this, the uumbér of particles’which procipitate during

\

timo t is glven hy thc expression

N() = \ldl = 2n, 1/-— . | | (38.8)

e am s e ©

In acrosol work thc following sxmplif;ud method is uIten used
s

LN

16; the ddgcrminaiion of’ thc number of particlcs p;cc;pltating_onQa
wall due {0 q1tfublon. Assuming that at any momont half of the palti-
cles are moving t owqrd, and half of the particles are moving away “from
tHe wall, then durling time t half of'all particles contained in a

layer next to the wall with thickness' AN will precipitate on the

wall, where AX is the average absolute displacement of particles

during time t , cxpressed by formula (37.35). It is iﬁmcdintely ap-
parent that this results in a number twice as small as that obtained
with the correct formula (38.6). Thus, when using éh{s method it must
“be assumed that all the particles contained in the layer mentioned,
’ﬁgecipitape on the wall. The cause of this hiscrepancy becomes ap~
parent by consideration of the number of particles which leave the

aerosol during time t through a wall which is permeable for the

particles, for example, through openings in a container wall.

In this case the condition n(x, 0) =0 where x &0 , must be

added to the precious starting condition n(x, 0) = 05 » where x> 0,
noting that at the starting moment there arec uo particles at the wall
‘surﬁace. The limiting condition (38.3) is eliminated because the par-

ticles are not separated from the gaseous space. This problem is

solved with the aid of the formula [272] ]

n(z, 1) ;"5" {1 + Erf (-V—:%.‘ﬂ_— T ~-_—ﬂ(—él—é“'ﬁ

i.e., at a given moment the conccntr1t1on of particles at the 1ayer

next to the wall rcma1ns constqnt, equal to no/° (Figure 51), and the
. concentratlon g;qdlent and tho speed of diffusion at the wall is twice

as small as with the absorbing wall., TFrom the point of view of the

L, R /
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the Browuian movemont of 1ndividual particles th

.

plained by the tact that the partlcles which pass through the per-‘m

menble wall have a peculiar probability of return into the gnseous
space "which they léft, while return from an absorbing wall is impos-
sible; ' because of this, the removal of particles trom an aerosol in

" the latter case is twice ag fast, .. , . .. ;

Rl

The third passibility of a “reflecting' wall will not be con-

. .o " S "
sidered hgqé Yecause this does not occur with aerosols, at least not
at those degrees of dispersion at which Brownian movement and diffusion

in general are of any significance.

II.A Considering the proﬁability of particles located at dis-
tance h from a flat wall and exhibiting regular motion in the direc~- :
tion of the wall at the speed Vg ;eaching the wall during an 1nterv;1
of ‘time (t, t+dt) , this possibility, which was designated W¥* dt
under paragraph 37, is found with the aid of equation (37.32), using
the corresponding starting and limiting conditions., However, it 1is
. aimﬁler to solve an equivalent problem: at a moment t = 0 , given a large
number N of uniform particles at a distance h from an absorbing wall
and which have a reg;lar speed V, in the direction of the wall, what part

of these particles will reach the wall during the time (t, t+dt) ? 1In

this case equation (37.17) must be solved, with the first 1imiting con-

W—

dition (38.3) and the starting condition
. — - Thia .
‘w(z, 0)=0 tor zkk; S n(z. oydz=N; -+, (38.8)
.0 - . h=A
in which the integral is taken for an infinitely small interval %C}.

containing the point h . This problem is solved through the use of
the expression [275]

—

n{¥, l)

Woz— h) + V3 (z—hp [;3+W} —_—
yz,,,m °‘P[ — % ““"P[ 77l e 4 4Di } (38.9)

1t is easily verified that this actually satisfies both equation

(37.17) and the conditions mentioned. The probability of a particle's

oe
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touching the wall during the time interval (t, t+dt) is found by

W (z, t)df = 2'1'.'_ h (b Yy g 404
(= 1) di= s orp[— Jae. (38.40)

From (38 10) it follows that the average time for particles

-2
reaching the wall is [sge NOTE]: '
? g o .
(1] S
§tW di= ol Sz eV = B[V, (38.41)
0
i.e., the same as in the absence ol Brownian movement. The average

[see NOTE]:

of the.reciprocal of this time is equal to
1 o —s - 2D v
— —-W = hg«h Vd)PD! g o

(‘ ) S dt= Vlnrl) S ¢ t= (38 12)

L ST

[NOTE] By substituting t = ht'/v these integrals become
< i o 41
S‘-'I" % drand Sl""'e g,
[

'

G e e ee]
the values of which may be found in handbooks.

From (38.11) and (38.12) the following important Iormula is
T\ 14 :
D= .2.[(7)— =] (38 13)

obtained

In the experiments described under paragraph 36 the time for

obtaining an image of particles which intersect a horizontal ocular

line with another line at a moment t = 0 , is measured It is ap-~

parent that formula (38.12) is applicable to these experiments.

. “; -

e-"'l“"dl .o (38 14)

At V, a simpler formula
Wedt = ——es _

in addition to (38.10), in which case (

(38.15)

This formula is used in the inv.estig'ation of horizontal Brownian
movement (see (36.1) and (36.2)).

Taking formula (38,10) in unmeasured form, with the average time
for reaching the wall t = h/v, per unit time, i,e., assuming t(' = t/t

nd indicating the unmeasured value ]/Voh,llg__l) by F (38.10) may be

.

. 'W" e ® YT
written as dt'= e eviu—vane gy, (38.16)
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?1guro 52 contnins curvcs'whic; have beeu calculated according
" to this equation for [ 1,95, and 3G , whiéh at b = 0.4 ¢cm ‘cor-
respond to radii of 0.1 , 0.3 , and irn . The graph clearly shows
the great change in the relative roles of precipitation aﬁd Brownian
moveggnt at the 1ud19pted ingcrval of dispersion,
I1I. Im the‘gﬁecipication of an aerosél39i.%imitless ?xFe?t
‘and upiform concentration ng, on a horizontal x%}lh.f'?'i takigg ;"tfﬁ
’ account the precipitation of particles un@er the influence of gﬁgg}ty,:

expression (38.10) may be used, integrating for h from O to oo .

Here, we obtain the following formula for the number of particles pre-

cipitating per em? of horizontal wall space during the time (t, t4dt)

— AT
I (t)dt = n; {;/ = VNP VT°(4 + Erfl/ Z—‘l’))} d.  (3847) .

L 4D
At ‘f§>;; this formula becomes I(t) =,V , i.e., Brownian
- [
.movemenﬁ now has no influence on the speed of . precipitation, and the
latter is determined only as the speed of settling. At t<§:%§
0

(38.17) becomes I(t)=no(l/%+‘~;1’)-

Thus in this case precipitation is composed of diffusion pre-
cipitation in the absence of settling (see (38.5)) and half of the
sedimentation precipitation in the absence of diffusion. From this
example it is clearly apparent that in the calculation of the speed of
precipitation of aerosols on walls under the simultaneous influence of

- Brownian movement and exterﬁul, or inertial forces, the simple addition
. of these effects may lead to serious errors. Unfortunately, because ;f'

great mathematical difficulties such additions sometimes must be limited,

<

It must be noted that the above formulas are correct only for a

stationary medium, which is possible practically only for small volumes
t

of gas. Even in smoke chambers, to say nothing of the open atmosphere,

convection currents very greatly alter the entire picture,

.
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. Ultramicroscopic computui:ibu of pnrt:{cles presents the
following task, which is of interest to industry: what is the prob=
ability of a particle which is located anywhere between two parallel

vertical wal}s precipitatinr on the walls because of diffusion during -
H Y S

the time "t ,  IT the beginning cqg;dinate is placed at one of the

LAYt ° * " -~
. walls, this problem may, Je solved with the aid.of equation (38.16)
Tl ,

RN

under the starting co-nditions
n(z, 0)=n, at 0<z<hi n(z,0)= 0 ‘at x<0 , z>h, (38.18)

where h 1s the distance between \valls, and under the limiting con-

ditions - n(0,)=0; n(ht)= 0_11.‘-__‘._?_9;__ . (38.19)

This problem is solved by the endless series [276]
hiod 4y ’
n(:z:, = ing ! sin[(Zv—i)’%?] exp [— (2-—9“—1)-‘-] . (38.20)

© 2V - h?
v=al

Thus, during time (t, t+dt) the number of particles pre-

P
cipitating is Idt=2D%— dr = 2% Zexp[ ‘”__,%M]m (38.21)

vl o s

and during time ¢t ,

n? ) (v—1)? [
0 v =1

N(t)=§1 U S { exp[._(zvr—i)’n’oc]}=

8 4- 2v—1)3m3 D
=noh{1'—FZ(2v_“,exp[—-( v — 17w ’]} (38.22)
vl .

L=~
1 -t
particles precipitate. (Here the formula Zl(r—ﬁiFT is used.)
v

Analyzing this expression for the original number of particles con-

tained between the walls per cn? of their surface, 1i.e., for noh ,

the following probabiiity is obtained

8 1 ' 29— 13 w3DU )
WO == 3 1),exp[ ) 2 ] (38.23)
Vel

The average time that a particle remains between the,walls is

obtained according to (38,21) by the expression
— 4 e BDE, e (2»-1)'7:’0:]& o
.t=mSIldt=F§z2_exp[ 5 D"
) 0 u-l‘

‘8“

(Here the formula 2' (zv__“. =% is. used.)
In ultramicroscopic test tubes with a mechanically limited,
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calpulatcd volume, the number—of pnrticles'contaiued in a layer 0.1. mm

thick bctwecn two paznllel glaqs plates is calculatud (1t must be

e

-noted th1t at preseéent this method has beqqme 9mewhat obsdléﬁé. .The
et
Ll D

continuous method,,dpvelopcd by u. Deryagin andpG¢~V1aseﬁko L277]

)

ur .
is g more purfecteq method ) The Opinion has been exﬁressed that in
o)
C A g
this method of calculation some particles may settle on the’ walls be~

—

cause of Brownian movement before the calculation period; Iq‘is pro-
-~ posed that the time between the closing of the aerosol chamber and,
_ the calculation of particles be on the order of 0.1 sec.. Then, ac~
cerding to formula (38,23) the values obtained at W* = 0,11; for
r=0.3p w* = 0,05 s- 1.e., the error mentioned will be comparatively
smail, for particles with 0.1fu rgdius, which éorresponds approxi-
mately to the lower limit of applicability of ultramicroscopy to
— aerosols., The corresponding values of t are 3.8 and 16.7 sec. It
is apparent, however, that investigations requiring longer observa-
tions, such as the measurement of Brownian movement, are impossible

with such narrow test tubes. Because of this, cardioid, etc, conden-

sers may not be used in aerosol work.

L. Radushkevich [278] investigated the speed of precipitation

of stearic acid particles on the walls of a flat-parallel test tube

i_ with an aperture 0,1 mm wide, by ultramicroscopic calculation of the
concentration of particles in the test tube, Thé average size of

barticles was detérmineq by theAcalcuiated-gravimetnic method. In

comparatively iso-dispersed, prepared smokes, more or less satisfactory

agreement was obtained between experimental results with the aid of
formula (38 23), but in coagulated, more poly-dispersed smokes the

- speed of precipitation was greater than the uheoretically computed

- value., L. Radushkevich correctly explained this discrepancy by.the

"~ fact that the average cubié radius &:{' of particles, determined

" by the calculated-gravimetric method, 1s considerably greater in the

- -7 -

Dclasified nPrt - Sanitized Copy pproved for Release 2012121 CI-RDP81-O1043ROO14001 30002-6



case of polydispersjon smokes than’ thé averag‘é vdlue r' . determined

by the equation (1'-{. A-ﬁ)'/ (1 +A—-)/r, which determines the'
. __,_“___M

‘S .7 speed of diffusion o:t polydispersion nerosols.

The change 1n the number of particles contained in a layer of

‘~: Particles with the progression of time, i.e., the function T - N

- 3

P l ) -
18 shown in Figure 53. In this graph time is expressed in unmeasured pu—— e

~unijts Dt/n2

The case of an aerosol layer enclosed between parallel horizontal

" walls [279] also has attracted much attention, If the unmeasured vari-

‘ables x' =x/h, t'a t/t, (where to = h/Vg) are introduced and

VV. Il/’lD 1s indicated by /- as above, then the following ex-

-pression is obtained for the distribution of the concentration of an

2,2
“ aerosol > 2 ,_'(._“ve—z,-n { "v) }
n=np, .2 - 4p?
o 2, pee -Ni " P sin mvz’ exp = . (38.25)

=
vt Ry V

2x'-—(i <+

Figure 54 shows the distribution at values A =0 (no settling),
1.2 , and 5 , 1t may be seen from the graphs that at small values of H
i.e., in highly dispersed aerosols, a distinct upper limit cannot be ob-
tained, even under ideal conditions of absence of convection currents

and a completely isodispersed system,

V. 1f an aerosol with starting concentration n, 1is contained

in a spherical.container with radius R , then after time t the average

. concentration will have dropped by the value [276]
T

LR R e I (38.26) .
vy
The number of particles Precipitating on the walls during this

-
time, then, is equal to ._.-,-R:(no_-n) Figure 55 shows the relatlonship

- between n/no and an unmeasured value of Dt/R .

Vi. Ina similar aerosol p'roblem, in Wthh an aerosol is con-

tained in a cylindriecal vessel of infinite length and radius ’R\,_ , the

. " i

-T2

I S proved /12 CIA - 1400130002-6
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) *“fhé‘follbwiﬁg Q&prcsslon for thé'aiofaée concéntration of particles

at a momént t 1s obtained [276]

= 4n, 2, FRIR, (38.27)
\'-I

Here 3 fi.... are the yuadratic zeros of the function of Bessel
L}

of the ﬁrst type of zero order I,(x) , lmving the following, values:
p,=o,784 ﬁ,=3047‘ p‘._7/n 8‘) {:.‘——13'78 (4,=2229

l“

ta Figure 56 shows the relationship between ;Vno and Dt/R? ,

If ﬁ' is calculatéd, by ‘the simplified method described above, assuming

.

that during time + t sall particles‘, which were located at a distance

" -te »t

less than ,2»/1”' from the Wall’nt the moment ot q 0 will have pre~

.cipitated an the wall, the dotted- line curve 1é obtz!ined which, is
s PR
sultable approximately up to the value D,t:/R2 = 0,1 .

LAY

VII. -The problem of diffusion to.the surface of a sphere located
in an infinitely large aerosol volume with starting concentration ng
is very impor‘tant in the physics of aerosols. The starting condition of'
this problem 1s n(p, 0)=n, at p>R; and the limiting condition is
ri(l?, t) =:0 atvt>0. Because of the independence of the size of the

coefficient of diffusion from the direction, in polar coordinates

equation (37.18) becomes 8—27"92- =D a,a:f) . ) (38 28)

Thus, function pn(p,t) satisfies equatlon (38. 28) and the conditions

pn(p, 0)=pn, at p>R, C T (38.29)
n(R, 1)=0 at ¢>0. ~ (38.30)

Solution of these problems gives the expression [280]
- p_-R R N A

. sVt -
n=n, [1 St V S e—l'dé] . (38.31).
0 .

™

From this it follows that after time (t, t+dt) the number of particles

which will havé precipitated_on _the sphere is equal to

an . R
Ot = 4xR3D 31 di = DR, (1 +',——"_ﬁ) dt
and after time t . e

N= S(Ddt — 4xRDn, (: + Z—V"u ) (38.33)
'] .

(38.32)

_ 73

Declassified in Part - anitized Copy Approved for Release 2012/12/12 : CIA-RDP81-01043R001400130002-6



At nt/n2<Q<1 precipitation on the sphere tnkes place 1xom a thin

b . .

aerosol layer ndJncont to the surface of the sphere at the same speed
as precipitation on a flat wall (see formuln (38. 6)) At Dt/R2;> 1

the distribution of the concentration of particles around the sphere

rgmains practicallg constant, and is expressed by the equation

n=n,(1;§)‘. o | (38;;54}:'

.
LN

Thus,-the concentration gradient at the sphere surface is equal .to
on n, o
EF;-R =—% - . (38.3}})

but the speed of precipitation (i.e. » the number of particles pre-

cipitating per second)on the sphere is constant and equal to

@ = 4xDRn,. . (38.36)

VIII. The solution of problems of thé diffusion precipitation
of aerosols-on the outer surface of a cylinder of infinite lengih [281]
is more complicated. Discussion of this problém here will be limited
to the inclusion of a tabie of the values ¢Vﬂh2m, @ﬁ'is the nﬁmber of’
particles precipitating on a cylinde; per unit length during time t )
in the function Dt/m2 .
TABLE 15

DIFFUSION PRECIPITATION OF AN AEROSOL ON A ROUND CYLINDER OF INFINITE LENGTH

DrRs .. ... .| 001 | 0,005 | 0,01 {0,058
@Ry . .. .o, 0484 | 0, 0,550 - 1;180-

.

DYRs . . . .. 0,8 30 |35 .
mRmy ... 2,721 6,38 | 7,10 |

A correction must be made for the "natural size' of particles
(see (21 18)) must be made ‘in the derivations introduced under paragraph
38. In this case this is quite simple: an "absorbing" surface is con-
structed parallel to the surface under consideration, at a distance:  r
from the latter, eduai to the radius of the partipies. Because Qhen a
particle. comes in contact.w}tp the acgual‘surface its cént;r éomes in

contact with the absorbing surfaco,‘these'particles'may be cons%dered

.
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as points, and all the conclusions introduced aliove may be applied to .

LI

the resuit ing system.

39, Diffusion of an Acrosol in Laminar Flow -

The nuch more: diificult prph;em of the diffusxon of aerosols in

laminay’ rfow9hds been.'solved ﬁrecisely £5r ‘only» ye:y,tew cases;

LI .t 1 iS4 MY
U [EY" ! .

1. The problem of the diffusidn (or heat’ transier)¢fromtliqu1ds
in laminar flow to the wall of a round tube in which they are Eéntained=
has been solved at various times by different researchers who wére not
familiar with the work of their prédecessors [282 to 285]. The coﬁclu-
sion that the speed of conve;tlon transmission of a substPnce is con~
siderably greater than diffusior transmission was taken as the basis of
these investigations. 1In other words, the #—axis was taken as parallel
to the line of flow, making the'member Do*n /8x* in the basis équation
(37.17) very small in relation to 9(Ven)/0z=Udnjdz ( U 4s the

speed of flow) and may be ignored.

Taking n, as the starting concentration of particles in the
aerosol, n as the average concentration of the aerosol flowing through
a tube with radius R and length x , and U as the average speed of

flow in the tube, the following expression is obtained for Eyn H

n/no= 08267 10,097 %% 4 0,01356% (304

in which fp is an unmeasured value equal to

p=Dz/R* U. ‘ " (39.2)
- Here, we took coefficient values practically coincidingAwiﬁh
those found by Nusselt [283] and Gormley and Kennedy‘[?85]. Tswnsend
[284] found the value 0.78 for the first coefficient. In the deri-
vation of formula (39.1) it is assumed that the concentration decreases
continuously along the axis. of ‘the tube and from the axis to the peri-
phery, which agrees with the s&stem of Qiffusion to a wall. Actually,

at small values of /p the system cannot be applied in which n =ng !

—75 -
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for all cross sections with the exception of the laier‘; adj.acgqt to

the wall, and formula (39.1) is not applicable, and at /b= o,
;x-/nq = 0,83 instead of 1 . For this case a si.mplified method of
calculation may be used, assuming that during time ¢t all particles

locited at moment t ='0 » l.e., at the entrance of the tuve, at a
¥ '

¢

© distance " B asz”“ (39.3)

AY

from the wall will }yave precipitated Qn the wall The distribution
EA

of speeds near the wall under laminar flow (see formula (26,11)) way

be approximated by the expression

VIO DG )y e

~ where s is the distance from the wall. The average speed in a layer
of thickness & adjacent to the wall is 2U§ /R , and during time t

a particle in this layer travels an average distance

= 2L76£/R. . e . (39.5) ¢
along the axis of the tube. : '

Eliminating t from (39.3) and (39.5), we have

er'l ' : ) .
o= (B (39.6)

Thus, the number of particles passing per second through a

cross section of the tube located at a distance x from the entrance,

R—38 : o T T e

1s equal to o= { n20 (T )Zﬂpdp (Rt — 43ty mn,0 = B2 (39.7)
o . - ".

where ¢0 is the corresponding number at the tube entrance., According

to the relationship n/no = (D/(Do.

L .._ =1—2,96p%. . . (39.8)

Bo

A much more strict derivation (Leveque [2861, and V. Levich

leads to the formula T - —
i 1—2 57;1”' : (39.9)

Figuré 57 contains curves which conform to formulas (39.1)

{curve 1) and (39.9’) (curve 2). These curves are applied when /4.) 0.03

- and K& £ 0,03 ., In practice, the solid-line curve of Figure 57 may be

used,




In the deri@ntion‘of the formu1a$<géécfiheq_ab6vé it is aesﬁmed

tyaf the poise flow expressed by equation:.(26.11) is established at the

-very beginning of the tube. In actuality this occurs at a distance
R , . v
npproxiﬁgtely 0.1 R Rep. from phe tube entrance, and the effect of
- the entrance section'oﬁ ghé'hccurac§'of“the indcated formulas must

< . PR Cta w6 BRI : ~

be oxplgxﬁedl In tb%g!,tbe portion- g of "an gerbsnl,gbiﬁp‘prgg}Pi—

-tates on the walls of the entrance section of the tubg is determined.

Becuase due to diffusion a smaller part of the aerosol precipitates

on the walls at a high-speed of flow, and because the speed of flow

ﬁehreases continuously from the entrance of the tube to the end of

the entrance section, tﬁé upper- limit is obtained for o » assuming

that the poise flow is established at the beginning of the entrance

~gection, i.e., o = 2.57}A- . Taking x = 0,1 R Ref sy We obtain & =

: 2 . .
= 2.57(0.2 D/Y) /3 y» where y 1s the kinematic viscosity of the me~

dium, For air ¥ = 0,15 and o 3 02/3 . From Table 13 it is ap-

-

parent that even for particles with r = 10 em , X £ 0.01 . Thus,

formula (39.9) is needed in material corrections only for aerosols

with particle size of the magnitude 10~ cm.

L. Radushkevich [288] applied formula (39.,1) in the determina-

-tion of -the average size of particles of ammonia chloride smoke. In
Y
this experiment he passed the smoke through a system of vertical ca-

pillaries 20 cm long ‘with a radius of 0.012 cm at an average speed of

1

1,84 cmesec , and ﬁetermined the concentration of the smoke before

and after the ﬁas§age by means of ultramicroscopic computation. In

tﬁis experiment f*’ was of the order 0,5, The particle radius ‘calcu-

lated from the E]no values found by this method were 20 to 30%
_greater than those obtained by the calculated-gravimetric niethod, This
. dikcrepancy probably is explained by the fact that the ammonium chloride

smoke particles are more or less brittle aggregates, and their actual

;ize is larger than that determined by the calculated-gravimetric method,

v
'
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1I. An analogous problem concerning a flat—parallel cannl with o

distance h between plane surfaces [289] leads to the formula
(pn: Dx/h'U)

n [ny = 1,086¢~"* - 0,0085¢* C(3940)
(A" mare accurate formula [578]) isng ) ;,, R 1, . 35
t Aing=0810 sk 4 003 e-up+ )

ty

3
LEVRE

Nolan and Guerrini [289] passed atmospheric air through a system

- 5!:.
..‘

of-vertical flat-parallel canals and determined the percent of atmoq-
pheric condensation nuclei precipitating on the walls of the canals by
the Alitken method, From this the two researchers obtained a value of

2.85 + 107 em  for the radius of condensation nuclei, using formula -

(39 10). They repeated this experiment with the canals in a horizontal

f .

position and, assuming that the difference between the results obtained
in ‘the two expgriments corresponded to thg number of nuclei precipitating
dgé to sedimentation, they calculated the abe;age"speed of prenipitation,
"from which they determined the mass and density of the condensation nu-
clei. The incompatible value which was obtained for the size of nuclei

(1.7) indicates that such a simplified method of calculation is not ap~

‘plicable.

III. The problem of diffusion Fo the surface br a sphere from a
stream has been studied theoretically and experimentallf in the case of
-condensation of a vapor on the surface of droplets (or their vapor).

?he speed of diffusion to the sphere, expressed in the case of a stable
medium by formula (38.36), is increased in the stream by the factor

T + 0.27 RV2 5c¥3 [200], where Sc = W/D , which is the -Schmidt numbe; .
-However, in aerosols D is several -orders smallér than in vapors; in

vapors Sc is in the order of units, and in aerosols it is much larger

‘(-ulO‘5 at r = 1075 cm; ~10° at r = 103 cm). Because of this ex-

.
)

. perimental -data on the diffusion of. vapors may not be'carried_over to

'aerosols. The Sc¢ number may serve as a means of comparison of the
-speed>of convection and diffusion transferral of a substance (at

- 78 =




constant ' Re ) in the type o! problcm under consideration hore. At
&, .

l the thickness of the diffusion layer and of the hydlodynamic

triction layer qround tlie streamlined hody ‘are approximately of the

5. whe .
nh

-same order of greatness. At §E =>1 diffusion tlansmission is equal

i ( I 9 ‘:,’ .,,,u [

. .
to convoction transmission only: ot very small distances from the body

! he | e g

surface, i. e., the diffusion layers are very thin in comparison to

the friction lngars. (The problem of the character of diffusion to
the surface of gstreamlined bodies as a functidn of the order of great-
ness of Sc 1s discussed at great length by D. Frank-Kamenetskiy [éQi]
and V. Levicﬁ [292.) Because of this diffusion hés gif;erent mathe~
matical expressions in these two cases. Because the value og Sc is
very great for diffusion in solutions, also,.we may apply the results
of V. Levich [293] and obt;in the fdllowing expression for the speed

of diffusion to a sphéere under Stock's flow:
' @ =7,9n,D""U"hR'", ) - @.1)
As described above, in the derivatioﬂ of this formula it is
assumed that the thickness of the diffusion layer is very small com-
pared to the radius of the sphere. Because at low values of U the

thickness of the diffusion layer increases, formula (39.11) may not be

applied at very low rates of fiow.

IV. 1In conclusion, we may consider the case of free diffusion
of an aerosol issuing from a naroow opening ("point source"), or from
a flat slit ("linear source") placed perpendicular to the.direction of
flow of a medium in rectilinear qotion at ; uniform épeed U . Under
these conditions the brecfpitation of particles is 1gnor§d; The x-
axis is set pérallel to the flow, th; starting coordinaLe is placed at"
the source éﬁd, in the case of a linear source, 4t i; subsﬁitufed By

the y-axis,

First of all the problem of an instantaneous source is solved

-
[294], because for solution in the case of a point source, substituted

f

-.79_ .
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) .. P . . 29 SN s %
nt the starting coordinate, thoxe are sevaral converted formulas (37 31); O

.

:lor a gsystem of coordinafes which are in motion in addition to the flow .

: M%%&Q_V“Dmr@wqu: m5«%ﬁ$

v ¥
B

where N is the number of particles 1':suing from the source at the
: (YR Wit ¢ .
moment t = 0 . In a stable system of cooxdinate:s (39.12) tbis becomes*

e 1A L R R R Loy ot ,
@y, t) ﬂ%ﬂ' ele-vobegond, . (39.43)

Similarly, in the case of an infinitely long linear source we

have n(z,y,zt) = LD' e—((»—m)q.z'mm (39.14)

where N' 1is the number of particles issuing per cm of length of the

source.

.V. In 'the casg of continuous action of the source a stationary
distribution of concentration of the amerosol in space must be postulated.
Precise calculation of the latter is difficult. However, knowing what
has been mentioned above about thé comparative size of the convection
and diffusion transmission of particles, i.e.,'eliminating the member

D'?'_': from the equation (27.19) and introducing in the ]..a'tter the term

g"_o the equation may be transformed, in the case of a linear source, to

an (z, x) D 9% (3, x)

oz T "o

(39.15)

at the limiting condition n(z0)=0 at z-£0 (39.16)

and at the normalization condition [ Sn(z, z)dz =@, (39.17)

—w
indicating that any plane perpendicular to the x-axis intersects that
quantity of particles (equal to ﬁ' per cm of source length) per second,

which emanate from the source. Solution of equation (39.15), w‘hich is

L.

mathematically equivalent to equation (37.16), gives a. formula which may

be obtained from (37.29) by substitution of t for" Xy, X=X for =z

D for D/U , and throu(zh multiplicatxon by (D/U.,
’ ‘. o' -Uu=
n= 41){: s : . .
Vzmuu::e, (length of source) (39.18)
and for a constant point source the following formula is obtained
, . _ U4 ; -
‘n= -2 g ¢ - . (39.19)
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- 43. Brownian Rotation. Orientation of Aérosol.Pi%ticles in an’

- L e
. . PR

Elactric Field

o . ' LR
Browninn rotatlon is determined by the e%unt%on [)53]
RE -y

RS . .,b'—-ZkTB,_,l, . s +(43.1)

where- BJ is the avéraﬂe syuare ofkbhe angle of rotation of particles
- ’> } )

Aabbu d a given axis difing time- 't- "By, 18 the “"rotational mobility"
“of particles around thiks axis, i.e., the angular velocity of rotation
“under the influence of-a rotational moment- of an equivalent unit. 1In .

other words d0/dt=B.Py, ' (43.2)

where Pg i3 the moment of external forces relative to this axis.

For spherical particles
Ba, = 1/8rqr%. . o (43 3

b .

However, in the physics of nerosols the rotation of apherical
particles is of no interest because it does not appear and .has no in-—
fluence on the properties of aerosols. The rotat;on of non-gspherical
particles is apparent as flickering under side lighting, and they may
be distinguished by this method from spherical particles. Furthermore,
particles whi¢h are elongated in one or two directions are oriented by
the action of hydrodynamic, electric, etc, forces, and thus the degree
of orientation is determined by the relationship between the intensity
of the orienting force and fhe intensity of Brownian rotation. Finally,
Brownian rotation is very important in the coagulation of elongated

particles,

In the case the rotation of an elongated ellipsoid with a small
pole & and ratio P between the axes, the rotational mobility around

the small axis is equal to [549]

['fg, In(p+VF—1)-8]

mvma- =1

B, =

W
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) Sphere with rndius x(Bub) and an ellipsoid with small pole r(B“)

are shown in Table 20. : Lo '
T : : .
g TABLE 20

”~

W

RQI‘AT{?NAL MOB'ILITY OF ELONGATED ELLIPSOIDS ROTATING AROUND THE SMALL ALIS
» T .. R e

- O 3 5 |
, /u;. R 0190 [13,5|.23,1-) 36,4
T T

1

In particlps having the sh&pe of flat discs with radius r-,

:

the rofational mobility around the diameter of the disc is
g o4 .,-_c,a/ﬁznrs.,... A C (43.5),

’

v

. The following fqrmula, LJsD} may be derived from (43.1) for the

. .
complete angle of rotation © along the Yength- of; the- axis. ofi an

elongated particle during time ‘t :

Sin?g = 7 (1 — emSkThy), . (43.8y

———

At (S o Si"’(":é. which corresponds to the probability of any

direction of the axis.

The orientation of elongated particles in an electrical field,
caused by the polarization of particles is very important in the physics
of aerosols. If non-charged particles having ellipsoidairotation are
placed in a uniform electrical field of strength E » So that the polar
axis of the ellipsoid forms an angle 6 with the direction of the field,

the change in energy of the field caused by the polarized particles is

equal to [351] -Q=_.'$[ o0y Lt ] C 48
i gr:{+*1 :k__’+xi

) where v is the volume, and E’k is the"diélectric permeability of the

particle., The coefficients of form -nl and ?!2 are expressed in terns

of the ratio between the large and small axes of ellipsoid ﬁ as fo;lows‘:o

’

For elongated ellipsoids: )

—r

~x{=‘,,~’_;[!7‘3f’jln(a+stﬂ—*'1‘)~1], (43.8)
“*’=1ij*£‘—"§)‘[B V'pl ln(p+Vp=—1)J s

-.82 ~
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L

for oblate ellipsoidss

'

% = 'g;@_:—i[i V'—T arcsin Vﬁ”‘ ’]

_; B V=1
1= = ”[V*—ﬁ-"'?i arcsin ——B—-—-—i]

and ror conducting, pavticles (43 7) the formula beaqmes
. b a(t ‘:_‘.4 e Ve v
i k‘ Xl N
S -_.,;“.', - () — _ vEircos?0 | sin10] * %
> Q= 'ZT[T + »T] (43.12)

T

Because for practical purposes aerosol particles may be con-
sidered conductors (see (15.13) through (15.15)), in the following

only formula (43.12) will be us'ed.

Table 21 contains the values of coefficients xl and Kz for
a series of values of [ﬂ
’I'ABLE 21

VALUES OF THE COEFFICIENTS OF THE SHAPE OF PARTICLES ORIENTED IN AN ELECTRICAL FIELD
Elongated Ellipsoids.

i 1 3 5 10
0,333) 0 4] 0,109] 0,056/ 0,020
0,333( 0 3f 0,446] 0,472( 0,490

Oblate Ellivsoids

%y 0333034704480527063507510860
"Xy 0333032002770238018201250070

Because the particles tend to place themselves in a manner -so
that the energy of the field will be minimal, from these data it follows
that the value corresponding to the resistant attitudevof elongated ellip-
soids is € = 0 (theipolar, i.e., longitudinal axis is parallel to the
field), and the ‘value. for oblate: ‘ellipsoids is © =g- (the palar, i.e.,
short axis is oriented perpendicularly to the field). Thus the orienta- .
tion of particles in laminar flow (see Figure 12 and (i}.l)) is. analo-
gous to that in an electrical field. it must be remembered that the
orientation of particles which ere in motion wifh respect to the medium
is opposite at large values of Re : the longitudinal axis is perpen-

B e

dicular to the direction of motion,
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In the abscnce.of Brownian movement an elongated particle which
enters an electrical field will move along a resistant path, approach‘-i,ng
+ 1t asymptotically. The orientation of particles in the presence of
. 3 .

Bi‘owuinn movement will be taken into consideration only for the case ‘of
. 1

: elong'ltcd ellipsoids.. The probalﬂlity that the ;mgle between the“‘polar

axis of a pa)ttcle n.nd the direction of the f1élgl*w111 fu]l Withi’{x the
R R s '>
interval (O, 64+d6). is equg;, accoz;din[r to tlie pz;inciple of Bol' tsman.
£ . ’ ’
i'to™ ':. LWW(0)dd = I)r“l""'sinOdO_k’dpw"sinl)do (43. 13)
: " Here ", L .
Y <
E’”(i"."':‘.) 2 E'f“““ B ‘9”}4‘5 4
! M= 2KT v :14)

&
} \ PP DRI 4.4 U

‘

s . . . ) o
is the ratio of electrical energy to the energy of Brownian rotation. 6f
N - Yo IS 2

a particle, @ is the small pole of the ellipsoid, and b' 1s a con-

stant coefficient, the value of which is detéfmfied By the normalization
condition b . )
W (0) d0 = -)‘—Se"' dz.) - (43.15)
°

From this the following expression is obtained for the average

value of cos O :

T
B M —1
cosl = X b'er eos' 0sin 0 cos 0l = —— . (43.16)
- 0 nfe* dz .
o

Table 22 contains the values of c¢os ©® for several values of Az .

TABLE 22

ORIENTATION OF ELLIPSOIDAL PARTICLES IN AN ELECTRICAL FIELD

A 0,00 |01 |1 2 |4 6 9 |6
cos 6 | 0,500] 0,508| 0,587 0,676} 0,817| 0,864] 0,946| 0,993

it is ﬁoted that cos © = 0,5 indicates an absence of orientation,

. and cos 6 =1 indicates complete orientation. It is seen that prac- '

Ay

tically complete orientation is attained at A“ A 10 .

For ellipsoidal particles with an axis ra'tio of 3:1 and small

pole value @ = O.lru,_a fairly strong field of the order 1,000 v-cm"l

_ - 1s required for. complete o%ientatién, but 30 v-cm—l‘is sufficient at a

.

value of Q= 1”"’ .
.. - 84 -




'iThe pheuomcnon of orientation of pnrticles in an\electrical

N [E
" ' . 3 i

!1eld is explained by the disclepancy between the measuroments of the {;:

1 . ' r~-_w
. i

mobility of smokerparticles under the influence of gravity and under f
NG P R '
R ¢he influence of an .electrical field Which was menioned iu paragraph

- -
- - PR .
N o ,". , 1

It i$ obvious that 1u the latter case the mpbility of particles A

y i K

which are oriented 1n the direction of their movement must be greater

Qhan 1n the formur cafe, i, e., in the absence, og orientatxon. Further=-
!l' .

: more, purticles which are oriented in an electrical field are dipolar,
which leads to the so-called "dlrectional"'coagulation of. aerosols in

an electrical field (see paragraph,52). Changes in the intensity of

light dlffused by aerosols in an electrical field h;s been observed in
the case of _ammonium chloride smoke [352 .353] Because the direction
.of observation, the 1uum1nating rays and the field all are at right
angles to each other, the observer seed the light reflected from the
longitudinal sides of oriented particles, and the intensity of the re-
flected light increases as it approaches the plane of the field. In
the case of ammonium chloride'cfystals the longitudinal axis coincides

with the crystallographic ax1s, and because of this the phenomenon of

double refrsction also is observed'in an oriented smoke. However, the
3

orientation of.aerosols in an electrical field still has not been in~
. .

vestigated very thoroughly.

. In view of the fact that the time of relaxation in the polariza-

tion of particles .is insignificantly small in ébmpér}son with the time
of-relaxation of rotation under the influence of an eitegnql forcé, all

the foregoing remains.valid even for the orientation of particles in an .

alternating electrical field.

Similar orientation is observed in smokes.of ferromagnetic sub-

f
f

stances in a magnetic field [354].

Dxoplets also may becomenérieﬁted %y strong electrical 'fields,

- 35_
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which causu dctormntlon of the’ litter due to 1nduutton. Assuming thnt

,doformed droplets have the shupe of clongatcd ell:pﬁoids of rotation

L.

(this assumption is- emphasized by experiments) it may be shown [355]

Ythat the shnpo of the ellipsoid (atis xatio c/y) depends upon th{
0 e
Value of’ rEZ/C Yy Wherea r 1s~the rddius of the non—deformed dyop~

h )
let, ¢ 1is. the sunfa&u tension‘oﬁsthelliquiq,vund depends p?on the di-
wl

q
< e oot
' A y L

electric permeaaility pf the 11quid. Because o; thL“cdmpldxity of tﬁé
' LI " Byt b e..w 1;.‘

- derived formulas only the values of c¢/a in the functiqn rE . fon a
N Fiae

- water and dioctylphthalate are given in Table 23,

TABLE 23 )
DEFGRMATION OF DROPLETS IN AN ELECTRICAL FIELD
rg2 * o 50 100 150 200
c/a (water ‘ 1 1:.67 1.17 1.35

c/a (aioctylphthalate) -1 1.06 1.13 1.23 1.34

* -1

E 1s expressed in v-cm .

. At the same time the droﬁlets afa deformed, - they also are

oriented by the electrical field, as described above,

" [Pages 220-258]

CHAPTER VI. CONVECTION AND TURBULENT DIFFUSION IN AEROSOLS

44, Precipitation of Aerosols Under Conditions of Convection and Mixing

In the foregoing, various cases of the movement of aerosol par-
ticles in an immobile medium and in laminar flow at given constané dis~
tributipns of épeed have been aiscussed. .However, complete immobility

‘of the medium, and‘lack of agit%tion of laminar flow occurs ;ather rare-
1y, eve; under the limits of sensitivit; of the author's ogservations,

because of the presence of convection. Tests have shoWn‘f356]‘that in

a gas which is in contact with a vertical wall, the tehperature‘of which .f

differs from the temperature of the gas by‘;LSE , a vertical current
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U =0, 55 ng aA7

-where, @( -is the coef{icient oi etpansion of the gas equal to 1/T .

ot

R Thuﬁ, &h a chamber one, meter high at~ zlf 0 01 the speed of ! convec-

tiQﬁ ﬂ%ow is approximaﬁeLy 1 cmesec -1 ’ 1.0., theﬂspeed of precipita- ’

- ‘J\" s
. tiom og~1argo particles with radius appxoximately IO/L (Couvection.

18 weaker in liquids than in gases because of a smaller coefficient

"
)

.of‘expansion.) Because of this convection cur;énts'gre practicnlly
unavoidablg 15 smok; chambers; they may beﬁéiéginatéd only by the

"use of small massive ﬁetallis véssels, ana'caréful ;bsorption of heat
rays from iight entering the vesgel. For thé same reason, trueilaminar,
flow of a gas’ is possible only in narrow tubes and canals; in wide

tubes vertical convection currents inevitably arise. AAlthough convec-

tion may be eliminated by cxeating a vertical temperature gradient in a

>

vessel containing an aerosol, but this method 1is used comparatively rarely.

If one wall of a vessel maintains a c&nstant temperature, higher
than that of the other walls (such as in the heating of glass walls of
smoke chambers by light used for illumination), the,resultant convection
often takés the form of a regulated circulation. The distribution of
speeds in this case is obtained by calculation, from which the trajectory
of particies also may be determined. The same calculation also is pos—
sible in a theoretical heat transmission case of free convection near
heated bodies with straight sides. Howéver, in practical work with .
aerosols convectign uSually:has an irregular character, or else it may
not be calpplated, which eliminates the possibility of computing fhe

irajectory of individual particles. A simildr case is that of forced

irregular convection caused by artificial mixing qf an aerosol.

In these cases, however, statistical treatment of the movement

e

of the médium and the particles- suspended in it is impossible. Beéause
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LS o

R ave
Iy i

.2 . _ i R T
'lét“ihiéfocousiderhblc‘idealizntlon'
T O

.ot

N ngcesgﬁ}y, it must be nssum;d that_tnu convectioa tragsferrql ot thé

”ﬁediﬁm takes place through convpction difiu‘ion And thaL the inten-:

sity of conyection.4s determined by the .size ‘ol e;e coeifxcient oﬁ ik,
i -" o et

coﬂQéo?io;.dlffusion. "rhe motxon of p1rticles'9uspended“in the me~-,

. ¢ ) f)‘t LAY .
SN 2 g "‘*-. Ve 'Q“\o s

_dium is composed 01 thc movemen; pf the medium itsélf 1 e., regular

&S W

NS

fiow and convective ‘diffusion 0% the medium, and of the pggwiously

described movement %? particles in relation to the wedium,

In conside;ing the preclpitaéion of an nérosol in a chamber in
thp absence, and in ihe presencé of congecfion, it is assumed that at
a given concentration of particles the coagulation of the aerosol may
be ignored. In the absence of con&ectioh, and with not very small
particles (i.e., in the absence of diffugion erosion) in a monodis-
.persion aerosol the upper limit of the latter precipitates with a con-
stant speed Vg and below the limit of concentration of the aerosol,
which is constant for its entire volume, it does not change wlth time,
In the case of a low degree of polydispersion the upper limit gradually
dissolves, but remains clearly discernible for a considerable length of
time. This is observed in actuality in the precipitation of more or

less monodispersed fogs with a high weight concentration which facili-

tates "hydrostatic stabilization” of the upper limit (see paragraph 14).

. Indicating the concentration of particles with radius tr, r+dr)

2

by the term n(r) dr , the number of particles precipitating per cm® of

the bottom of the chamber per second is Vs(r) n(r) dr , and the number

of particles precipitating during the Jtime t 1is equal to

dN = V (r)n(r)ldr ) : (44.2)

This formula is used only at t2 H/Vg(r) , where H is the

height of the chamber, because during time H/vs(r) all panticles of

the indicated size will have precipitated. The complete number of

- 88 -
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of\pnrticles prccipitﬁting during time ¢t iS‘obtaiﬂed‘by intggration“s., 3

.

‘of oxpression (44.2) for r .

With very intense convection (more dccurately, if the average .

.

speed of convectioft currents'eonsiderabl; exceeds Vg ) the concentra-
.fibn of the aerosols }s practically constaﬁ;'tor thg egiire'volume of

- the chamber with the exclusion of ;he 1a§ers ?djncent to the walls,
but the congentration continuously decreases with the ﬁassage of xiﬁe.
The vertical component of the speed of convection and the coefficient
of convective diffusion approa_.cht;s zero toward the bottom of the
chamber. At a»rather-small distance 8 from the bottom the intensity
of convective and molecular diffusion are equal, and in a layer next
to the wall with thickness 3 the latter prevails. Considering pre«~
cipitation on the bottom of the chamber, it ié agssumed that the process
has a quasistationary character, i.e., that during the time of passage
of particles through the wall layer the concentration of the aerosol
at a distance ng,, from the' bottom remains constant. Iq'experiments

on the precipitation of aerosols in chambers this condition usually is

fulfilled,

The number of particles which pass down through a horizontal

area lcm? per sec is I=V;n+DE{;~L; 4 (44.3)

N

- Here D, is the effective coefficient of diffusion, including

both the mechanism of diffusion and the dependent function of z . At

a distance from the bottom greatly exceeding 8 y D= Mg,

I =Ve. (44.4)

In accordance with the postulated quasistationary process of

, and

precipitation this formula.expresses the number of particles which

‘precipitate per sec per cmz'of the bottom. Expressing equation {(44.3)

in the form . : Viln —n)== DE‘_;’.: (44.5)




. L e T
o e : IR P St
“ “r - . "

. nnd solving thc 1ntter for the limiting cqnditioné\ n a.n&, at z

. N .
: - R
vt . . .

and n=20 at z = Q , we obtain the 1OIIOWinp expression fo} the

‘concentration of the acrosol at distance z from the bottom of the.chamber

- “ “

:, ‘ Il::l:[—i;mp( VS;‘K)] . . (4/1 6)

. ~
. T—

Thus, the complete flow of pnxticles to the'bottom of the chamber

4 Mpetasi “ aba e oy

3

is compdsed of the sedimentntion portion

TR "L = V,n = 1{,"7. [_1 - exp ( — V.i%‘g)] . (44.7)
v ‘ 0.

Tt e et el

and the diffusion portion

. z
L =Dy — Ve oxp (—V. S‘-gn) (44.8)
0

- I i

. It is easily Seen that the latter becomes noticeable only at a

very small distance from the bottom. Thus diffusion changes the dis-
tribution of concentration of particles close to the bottom, but dces

not influence the speed of precipitation.

3

In conformance with the foregoing,‘ihe speed of precipitation
_of particles with radius (r, r+dr) on the bottom of the chamber is
equal to Vg(r) 'n(r) dr » Just as in an immobile medium, and n(r)

varies with t according to the equation

—Hin()=V,()n(ydt. (44.9)

From this it follows that " ¢
A() =g (yoxp(— L) (44.10)

where n, is the starting concentration.

Thus the concentration of particles of every size decreases .ex-
ponentially Wwith time, but at various speeds. Because of this, with
the pasSage of time the average dispersion of an aerosol in a chamber

increases continuously. The total concentration of particles at mo-

.ment t is equal to n =‘S o (r) exp (_ V'[(;)' )di'. - (44.11)

o0 .

The follow1ng expression is delived for the number of particles

ot a monodisper51on 1erosol which precipitate during time t per cm2
T
of chamber bottom~ N = SV.;; di = V'""S oxp (_ l—ll)d£ = noH [i — oxp (— -—-—)] (44. 12)
- o, . . )

;
/
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. ~of precipitation andaconvection is much

a. ‘-_,. - ',..\. 5

taken‘up here. It Way be mentio1ed, howevex

- o PRGN g,.. _-- F“

i f:aerosols in smoke"chambers convection~is very.gtrong oveﬂlln the ab—‘
xsence ot artiricial stirring, and the chaﬂacter ot the pTGCipitnt10n~ -
usually approaches tﬁ; second of the types mentioned above. Thus,}in
the expe:iments ot ‘Gillepsie and Langstroth»[357] the concéntratfbh qf
NH401 smoke with particle radius 0.3 to 210pu.Qas constant “for all
pointslot a chamber of 12 m3 volume,ddring the entir; life of the smoke.
In the experiments of Y.mvigdorchik.[sss] quartz dust particles with

= 12, 5fo could be observed in a chamber 1.2 m high three hours after

.the dust was placed in the chamber. The same particles should have

'settled within 12 minutes in still air.

.

From formula (44.10) it follows, that

Inr(r)=Inny(r) = Y (r)‘, (44.13)

'1.e., in the case of a monodispersion aerosol the change in t;;-;og;-“
rithm of the concentrgt{on with time is expresseé as a straight line, .
the angle of inclination of‘which with the absecissa increases with an
increase in the size of the particles. Unfortunately, almost all

‘available experimental data on the kinetics of precipitation of aerosols

in chambers refer to fairly polydispersed systems. Because with the

passage of time the average size of particles in an aerosol, and conse-

. quently the angle of inclination of the curves (In n, t) decrease,.
in polydispersjon aerosols these curves bulge toward the abscissa,
with the curvaturq increasing in,proportion to the degree of polydispersion,

This type of curve often is encountered [358],

From formula (44.12) it follows that in the case of convection

precipitation of particles " (1__ N )__ (44J45

— —1In —_—)={.

A noH




This foxmula was intxoduccd by Davies [&18] Ior highly nLgreLated

,;— coal dust. Fibure 65 containg cuxves for ‘various, rndius intervals«of

> 4

. . P
.pdrt;cles in individual dust'fractions. ‘A 1inear relatlonsh1p (44 14)

" may be observed for tho fine fractions. The deflccxion of the‘curves
- l’- .
& /ﬁ,i,“?
'fox the coarse Iraction are att11buted by DavieSnfo palydiepersion

(9
¢ 5,

wi(h the fraction. ' . o
1

.t
. . )
. . o % N

R Considexably less research hag been done on the precipitation of
",, s‘ .«- u"s vy q,,‘ .-“"7

aerosoIs on the side (vqrtical) walls oI chambers. For any mechanism
o} precipitation the speed of the latter is proportionil to the con-

centration n of the aerosol, from which it follows that dn/dt = - ﬁn .

Thus, the kinetics of precipitation on vertical walls is'exp}essed similarly

to (44.13) by the equation ‘ In (ng [ n) = e, (44.15)

and the problem leads to the derivation of a theoretical expression for

coefficient @

Without artificial mixing, inertial precipitation of an aerosol
on the flat walls of a chamber must be very small. Actually, under these
conditions large particles (r 7*&) do not precipitate at ali on verti-
cal walls [248]. Here we are concerned purely with diffusion preeipita—
tion, in which particles are led up to the wall by convective diffusion
and precipipete due to molecular diffusion in the thin layer next.to
the wall (see equations (46.11) through (46.16)). Because the law of
the change of the coefficient of convective diffusion under approach’ to
the wall is not known the problem must be greatly simplifled and\it
must be assumed that only molecular diffusion takes place in a wall
layer of width S', and that outsxde this layer convectlve diffusion is
so intense that the concentration of the aerosol outside the layer is
conetent. In this case the epéed of precipi%aiion 'of the aerosol on a
vertical ﬁall is expressed by the formela

o —— et

=2 barticfes/cmz.soc : !~"@§J61'

3
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whera D is‘the cootticient of molecu]ar diffusion'otbpurticles. Taking

- [N 2 [

1Y as the volume, and S ab the- surfnce of the chamber side walls, then h’,'

.

—2dn = SIdt. e (44 17)

Thus, we obtain the following Iormula for the coetticient ﬁ in founula,l

. . SI _SD - ’ .
(44.15) . ) _;';:'ﬁ. N . (44.18)

It must be remembered that 8 depends not\ouly ‘on the intensity of cbn—

R N

Y'

.VeCtion, bnf also “on é”l‘ Actually, the.sgzqqgf 5 . is déterhined by .

A

the condition that at distance 5 from the wall tpe coe;ticients of mo-~

.

lecular and convective diffusion axe equal. The greater the coefficient

of molecular diffusion, the greater is 3 . Because of this there can
be no simple proportionality between the speed of precipitation on the
walls and D , and the speed of precipitation must be proportfonal to

p*, 0< o<l .

From the above the following conclusion may‘be drawn; the °
greater the degree of dispersion of an aerosol,.the greater is the num-
ber of particles precipitating on the side walls and the smaller the

number of particles precipitating on the bottom,

K. Shifrin and his associates [359] 1nvest1géted (through measure-

ment of the transparency of a smoke). the kinetics of precipitation of a
smoke with r’:&O.Sf& on the walls of a cylindrical chamber 9m high

ard 4m in diameter, and found.that equation (44.15) is applicable in
this case, and that the concentratibn decreased two-fold during 2 to 3
hours. Because the séarting concentraiion of the smoke was of the order
10 per cm3~, the decrease in concentration due to cﬁagulation of the
aerosoi could be ignored} At thé‘indicated.degreq.of dispersion of the
aerosol and bhapber height pfecipi¥ation on the bottom of the chamber l
played no notice;ble role in the results. From?the ;urves proposed'by

Shifrin it was possible to calculate tﬁat the ratio of the number I

of particles precipitating pex cm2 of wall surface per second, to the
. N \ .
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e

the value 8 220 ofp was obtained Ior the thicknc s of the W

e
TR

in the experiments of Gillepslc and Langstroth [307], wh1ch .

% e

. were conducted with Q- chnmbev of 12 m3 cap101ty and vq4c1 smoke, with

pafticle radius in the interval 0. 3 to . the_uumbepﬂofnparticles

N . .
R 2 i - R4

precip}tnting on the bottbm, side Qa11§_apd top of the cﬁamﬁér was

&e;erminqd directly thréuéh“thé use of plates of proper shape‘Which

were installed in the chamber. It was fouyd that precibitatioh on.the
top was negligible, and precipitatiod on the side walls during the

T first 100 minutes was approximately one-third less-than on the bottom,
after which precipitation on the side ‘walls practically ceased, TFrom
the graphs prepared by these researchers it may be roughly seen that
the side of I/n 1in these ‘experiments was on the order of 10‘4, and
that the thickness of the wall layer ==20H-, i.e., approximately th
orders larger than Ehe results 6f Shifrin. Bécause the speed of de-
crease in concentration of an aerosol observed by Shifrin in such a
large chamber and in the abs;nce of coagulation was in clear contradic-
tion to the data of nume;ous works dedicated to the study of the co-
agulation of aerosols, and because direct data on the precipitation of"
aerosols on wallé is much more p;omising than those obtained by cal-

culation of the decrease in concentration, apparently the values for

1/n  and 3 obtained by Gillepsie and Langstroth must be given

preference.until new data are obtained on this probleml

N

. The charge of particles has‘; great influence on the speed gf.
precipitation of aerosol pafticlesﬁon walls., In recent experim;nfs
of Gillepsie {360] the total number of §io, particles'with ‘T = 0.4p
‘precipitating during the first few minutes of the life of the aerosol

on the walls and bottom of a chamber £ 0.2 m3 volume increaged‘z- to 3~

fold when the average numoer ol elementary chargeé on the particles was

\-94- N
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increused fronm 7 to 14 (this 1ncrcassd the maximum churge Irom ap-

.

) ploximately oO to 100). Pxoceedinr on the assumption that at the

N pe)

speqd of ppccipitation of the aerosol on the bottom of the chamber

“ ..
.the charges could Qardly have any.marked influenaé; thg,increhse'ot
precipitation on the side walls in-these experiments autually wasg much

. larger‘ It is curious that this influence of the charges gradunlly

decreased, and tota%&y disappeared” after several score minutes. Be-
LT TR

Yir e

xF%¥?9 the charge of the aerovsol was bipolar and fairly symmetrical,

and electrostatic diffusion (see paragraph 24) did not play a marked
role here, it is beyond doubt that tﬂe indicated effect was caused

. by induction attraction of the charged particles to the walls,

The very great influence of this effect may be calculated, as-
suming that the particles which reach the wall layer move toward the
wall under the influenceé of the force of indhction. The speed of this
movement to the border of the wall layer according to formula (41.1)
is equal yo qu/452 » from which 1t is found that the number of parti-
cles precipitating per cm? of wall surface p?r second is Iq = q2!3n0/482 .
The number of particles precipitating due to molecular diffusion is found

.

by formula (44.16). Ve may establish the relationship

A

L N

=iz (44.19)

Taking q = ¢y = 4.8 - 10°1° ( v is the number of elementary

charges), kT =4 - 10714 | §- 90 . 1074 ph_, we have
I/ I=0,7.10"%3, . (44.20)

For particles with maximal chargeé » =100 , and Iq/I =7 .
These particles prgcipitate much more rapidly‘fhan'non-charged pafticles
because the inductipn effect 1s‘1nsiéni£icant for ﬁarticles with small
charges. Because‘of this, after the particles with large charges have

prec1pitated iurther precipitation proceeds 'normally."

It.has been established in many studies that under artificial

mixing [ an aerosol the gravimetric concentration in a chamber.decreases
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Ny .

more rapidly th;n v;théu? mixing. This is p;rély e%piaineﬁ by in-
creased coapgulation caused by the mixing (see paragraph 55), and con-
sequently, ‘by an increase in the size of particles, . However, the

. tain cause nppegr$ to be withouf.doubt the inertia&'brecip}tation of
particles on the chamber walls, This wag_dire;tly iﬁdlcg;gd by Gil-
e e el Y
lepsie and ﬁangst#ﬁéh.[357] who measured the. speed of preg}giﬁat%gg on
the walls qt the‘chamber and'derived the coagulation constgnt method
for NH4Cl smoke at various speeds of mixing, which is described in

‘s:paragraph 55. It was found that I/n increased linearly with the
average speed o0f air flow in a chamber of one m3 capacity, and-at a
speed of 50 m-min-l, I/n  was approximately 5~fold larger than in the
absence of mixing; artificial mixing bad an insignificant effect on
the size of the constant of coagulation. According to an experiment
of Ye. Vigdorchik [358] when air in a chamber 1.2 X 1.2 X 1.2 m was
mixed by a propeller at an average speed of flow of 4 m'sec-l the con-
centration of quartz dust decreased 3 to 4-fold faster than in the
absence of mixing, The cause of this phenomenon is a decrease in the
thickness of the laminar wall layer 3 , caused by the mixing, and in-
ertial precipitation of particles. Actually, assuming that the chamber
used in the experimenté of Ye. Vigdorchik was cylindrical, it may be
calculated that at the indicated air speed the centrffugal force at
the wall, mwv2/R = m4002/60 , is. almost three times grc;ter than the

force of gravity mg .

.Actually, the picture of inertial precipitation with artificial

mixing is ﬁuch-more complicated; inertiﬁl_precipitation takes pléce
;n individual places, where voriexes with axes parallel to the walls
formed by the mixiﬂg touch the latter. The i;ertial férce generated
in vortexes with small diameter may be considerably greater than the
célculated figure. The character of the mixing also is very important.
I£ the mixing is done with wide paddles which almost reach the walls

- 06 -




oftthe chnmbcr [JGI] thc tate of dec:cnse.oi thc aerosol concentration

“

' “(NH4C1 smoke with r & 0 JF“) incrﬂases J- to 4 told evon. at an average

air’ speed of 50 cm- sec l._ This -type of mixing undoubtedly ennbles the

formation of intense vortexes with axos.parallel and.close to the walls.

. [

. .

Calculation of the speed of inertial precipitation on the walls

under nrtificial mix:ng is very difficult, buQ the number ‘of’ partdcles

ooptEe e e (P I LY .

precigitating on one cm2 wall surface per seqond in any case must be
¢ 4',' 1] r-
proportional to n% , and the decrease in aerosol concentration with
time must satisfy the equation .
- o8 — — Sbn(r)=(r), -
where b 18 a coefficient depending upon the intensity and character
of the mixing. From this it follows that
) b .
n(r)=no(r)exp[-- T () (]
Since Vg = 6 , the total change in aerosol concentration”with

time (ignoring diffusion precipitation) is expressed by the equation
n(r) = no () oxp[— ( -Lg)t(r)t] (44.21)
which has the same form as in the ahsence of inertial precipitation,
but with the substitution of the coefficient g/h for i; + % . In
addition to equation (44.11) we now have o o
n={ mo(oxp[— (%4 £) ety Jar. w422
As already has been ment;;ned, the change in 1n n with time
in the case of a polydispersed aerosol may be expressed by an uﬁwards
convex curve. However, if noticcable coagulation of the aerosol takes
ﬁlace simultaneously with precipitatién the increase in particle size
caused.by the former’somngnt compensates for the qécfease in aQerage
particle size céused by precipitation, which le;ds to rectgiication of
the curve (ln n, t). ﬁractically rectilinear curves sometimes ‘are

_obtained [361].

The change in gravimetric concentration of a polydispersed

aerosol with time 1is expressed by the equation
- 97 -
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] ot

e =’ §°>no‘(r) m.(r) ;x;; [— (‘%‘-’:i- -7-;) tv(r) l] dr," (4423) )

" where m(r) 'is the mass of a particlé With radius F . 1In The case

of anVIdeisperséd aerosol dlnc/dl==dlhrz/du' but in polydispersion

‘merosols |dInc/dt|>|dInn/dt|, i,e., the gravimetric concentration

decreases faster tlian the calculated concentration, i N
. Fasyeny -5

“Actually we may write

f
A

(44:24)

yﬁerf- H“is the average $ass.éi h;;éi;les containea in the aerosol;

and : is{thé a#erage mass of precipitating particles. Since ngziﬁu
. t;lén ld'mc/dt|>|dlnn./dt|. where the diffc;relxce [f“ﬂc/.fiil_:.ldlnn/-_dt] )

increases with the degree of polydispersion of the aerosol, and also

with the ébsolute value of dn/dt , i.e., with the speed of artificial

mixing. These conclusions have been verified by experiments [361]

In coﬂclusion, reference.is made to a phenomenon caused ﬁy
natural convection, which is of interest in the treatment of rooms
with aerosols. .If a closed vessel with holes in opposite vertical
walls is placed in the aerosol chamber many quite large (r~ 7'0) par-
ticles penetrate these holes Secause of horizontal convection (“draft')
-[248]. 1If there is only one hole there is no penetration. An analo-
gous situation is found in cracks in wooden walls: an aerosol may
’ penetratg quite deeply into holes which pass all the way through, but

cannot penetrate blind holes.

.

45, Movement of Aerosol Particles in a Turbulent Stream

Theoretical and experimental research on the conduct of aerosols
in turbulent flow naturally is more difficult than in the case of laminar

flow. Regardless of the great successes which have been achieved in

recent times in the study of turbulence, there are very f2w data avail-

;o .
able on the movement of suspended particles in a turbulent str?am.“ In ¢,

vele

ﬁarficular,the‘very important problem of the dcgreé of'bié ing'aw y:of
9’ N . v o - .




s-entenl as the xesult ot the. superpositiou of a continuous ‘spectrum oI

e hglsgéigus of varyiny scdles on th;'ﬁasic (1ve1age) speed of Ilow The
Iirst pulsati;n which® ﬁrises throuuﬁ the breaking away of ;’;ortex from
the' wa:il ‘has a scale e:;u’ul to the dxametcx of the tube through whicfx“the .

A8 R -~
liquid :fslow5' the Speod-‘l correspomlmg to this pulsatiou' depend on {:fle
m.

direction- in particular, the Ppeeds of pulSatlons in a direction paral-

.

lel to the walls are greater thun in a perpondicular direction.

Lt i LIRS
e

' The.epé:éy of large-scale pulsations gradually turns into

émaﬁléf and smdller scale pulsations’, where for scales which are small
in comparison with the diameter of the tube the pulsations are 1§otropic.
According to the theory of A. Kolmogorov [362] tﬁe gbtal energy of ;uch
pulsatiéﬁs of 3 scale zA is proportionate to /\3/3 . The rule remains
Avhli& because the transition of the en;rgy to smaller-scale pulsations

is not accompanied by a notable dissiﬁhtion of energy (conversion into
heat), i.e., for scales which are large in comparison with certain
critical values of :AO (the inner scale of turbulence). 1In the range

A L-Ao the decrease in energy in the transition to smaller-scale pulsa-

tions is much faster.

Only the spectrum of pulsations at an immobile point may be
studied experimentally, i.e., the value of function F(V) , indicating
which part of the turbulent energy falls within a pulsation with

velocit v sec™} recorded by a stationary observer (this is called
y ) -

the Eiler speed of pulsation). 1In the transition to a system of co-

cordinates moving with a stream with neutralized velocity U', we ob-
tain the "scale spectrum" of pulsations, i.e., the Q) functi;ns,
indicating thé fraction of the turbulent energy which i; allbtted per,
length of pulsation of sca1012 A . However, the velocity spect}um of
pulsations in a moving system is unknown (this speed is called the La-

grange speed).
r 99 -
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Usingiﬁhé data of Simmoiis and énlt&fk[36é], in'wuicﬁ the speptrﬁﬁ

v

of pulsutions is measured in a 120-cm agrodynamic tube-with gz grid with

~ 75-nm aperturcs, the degree of turbﬁlcn;e, i.e., the ratio u/y , where
“u ;S the total average quadratic speed of pulsation is .equal to 0,03
and hardly depends @pon Repy . Thus, turbulent energy constitutes ap-
e |

ﬁroximately 0.0009 o} all: the energi of the stream. The present author

ur ore b T

has constructed Table 24 from results obtained at U = 7.5 m-sec™}, in

. Wwhich uy indicates the spzed corresponding to. pulsations of the scale

2 A.
' TABLE 24

SPECTRUM OF TURBULENCE IN AN AERODYNAMIC TUBE

AT U = 7.5 m'sec™l anp Re; = 600,000
-
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As is seen from the data of Table 24 ‘the ratio uA/Q\'/ s which
according to tie principle of A. Kolmogorov must remain constant, begins

to decrease sharply at approximately A = 2 cm. A sinilar result is ob-

tained at U = 10.5 m-sec™?

an aerodynamic tube at Re of the order 108 has a value on the order

- Thus the inner scale of pulsation Ao in

.

“of one cm. Because considerable error is-possible in the experimental

'A‘étudy of turbulence spectra this derivation should be proved with other

experimental data. The following values of ‘Ao maf be obtained from

s

the formulas and experimental data of A. Obukhov and ‘A. Yaglom [364}:

“e

, . - 7
1.1 cmat U=12.2msec™, 0.7 cm at y = 24.4 n-scc I, ana
0.6 cm at Y = 30.5 m-sec‘l, i.e., the same ordéruof values ‘of Ai;.
-According to Obukhov [365] Ao = 0.5 cm in atmosphere at a height of

- 100 -




and 13 cm. at a heiLht of 30 m. According to, Obukhov and Yaglom the
lowex 1nterna1 scnle Ilcﬁ) 19 proportlonal to J 2 , and according to
Heibenberg [367] 1s proportional to Ap v 1.e.,.1t decreases véry

rap{g@y with a decre?ge in the scale.
RN

'

_As already has been mentioned, the distribution of turbulent
energy in the function of Lagrange speed or pulsation periods cannot
be found directly from experimental data. The,former are necessary. '
for solution of the problem of the degree of increase in particles by‘
turbulent pulsations. This problem may be solved very roughly in the
following way. Assuming that pulsations with the scale J ‘are developed
in motion in g stpeém with speed U of vortexial cords; of diameter A ,
the axes of which are perpendicular to the direction of the stream. The
average speéd of pulsation u may be taken as the speed of circulation

at a distance A./4 from the axis of the cord. Then, the Lagrange period

of the corresponding pulsation tL is equal to O.SKA/MA , and the Eiler

period tp = 2A/V . The relationship tE/tL is congruent to u/v ,
3

i.e., in the first approximation is equal to the degree of turbulence.
The complete (conventionally 99%) blowing away of particles by puisations,
in conformance with Figure 20, takes place at 't/tI:Q;O.Oz y L.e.,
TZ20.01 according to Table 13, or at r/. 30/44 for particles with den-

sity 1.

Using the value for T calculated under paragraph 18 for sﬁper—
Stock particles at a typical average speed of pulsation of 30 ecm/sec, or
T = 0.1 sec a; r4= 0.1 mm and T = 6.3.séc a£ r=1mn and density
1, we 1in& that in the first case the degree of blowing away of particles
is 70%, and 2 % in the second case. Thus particles w1th size on the
order of 1 mm practlcally are not involved in the pulsatlons of the’

medium, -
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o wover, these calculntions are’ very rounh, even thourh they
. npp11ent1y yive the correct order of preatness of pdrticlps wnich are

blown awny and which are not blown _awvay by the pulsations. Accurate
solubion of the problem of the degren ‘of blowing away of particles 1b

possible either throu(h study of the turbulence spectrum with an ip-
strumént which is moving at the speed of the Stream, or througﬁ ultra-
nt :

microscopic observation in a stream which contains both very small and

coarse particles.

The above probiém is very important also in the solution o?
another basic task in the mechanics of aerosols, the vertical distrib
bution of particles in a horizontal turbulent Stream, which was first
1nvest1gated‘by W. Schmidt [369]." 1f in the turbulent flow of an
aérosol in a horizontal canal the precipitate is blown away and enters
a state of Suspension (this occurs, for example, in the pneumatic
mixing of materials in a dust form), theh g determined stationary dis-
tribution of particles according to height must pe established in the
canal. The number of particles passing down through a horizontal
area one cm? per second under the influencc of gravity is equal to
Vg . The number of particles passing through this area in the op-
posite direction because of turbulent diffusion is equal to Dt dn/dz
where Dy is the coefficient of turbulent diffusion of particles,

‘Equating these exXpressions, we have

L P (45.)
r .

from which we obyain

It~ —v(& . (45.2)

a
e
°

where- n, is tho concentration at the bottom of the canal, and' z ig
the d1stance from the botton. Because Dt rapidly varies with z
close to the botton, but varies elovly at greater distancés from the

bottbm, Dt may be talen as constant in the central region of the

€anal, and (15.2) talkes the form n? v,z
- O— ==
ng Dg
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Tt is emphasized~that the distribution expresscd by these'~

. %

Iormulas occur only in.a stationary state, i.o., ifxthe particles

¢

which have precipitated on the bottom of the canal are. rsturned to the

. >

suspended state by the action of the strean. In the opposite case, it

may be readily assumed that a large pait ‘of the aerosol succeeds in

5

precipitating until this distribution is nttained.

.. The theory of vertical diatribution of particles in suspension

"

“in a turbulent stream which has bééﬁ described herein was criticized
by several hydrologists [370],: the main objection being the us;ai as-
-sumption that the coefficients of turbulent diffusion of particles and
.the medium are equal. It may be seen from the foregoing, that for
aerosol particles with r'2.30fb this postulate apparently is Justitied.
Furthermore, in the general expression for the coefficients of diffu-
sion Do l t , where | 1is the length of the "path," and t 1is the
time consumed in traversing this ﬁath, in the c;se of turbulent dif-
fusion ] is the scale and t 1s the period of pulsation., Because of
tﬁis, at incomplete blowing away of particles the relationship be;Qeen
the coefficients of turbulence of the diffusion of particles and the
medium D;/Dt is equal to the relationship between the squareg of the
amplitude of pulsation of particles and medium, or tﬁe "degree of
blowing away" of particles, calculated as described above, Formufa .
.-+ (45,2) apparently remains appliéable in the case of incdmplete blowing
.éway‘when the coefficient D; used in the.formuia has beeq.derived in

. this manner,,

Mention also must be made of the work of B. Brounshteyn and

- 0. Todes [3711.‘ Starting with the Bol 'tsman distribution of concen~-

. 1

- tration in a field with tension 7 =— noexp (— mgz/kT)  and taking an

. . . ]ﬁ*—-—. . -
analogy from the gas kinetics formula F kT = mv¥/2, where v2 is the

-, averafe square of the speed of pulsation of a parficle and m is its

- 103 -
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S . . =

mass and, consequently, n ==n;oxp (—3gz/v"), these researchers used the, ¥

formula [372] v="1[3 YBKTR-FZT)Lu; where u 1s the speeg'qf pkiggtipn
B

ot the medium, for the derivation of a value toi(?g which is correct

“ s

for the movement of a particle in an ideal liquid., In tpg opinion of

ot

. ’
the present author the formal application of pas kinetics formulas to

tel

the movement of part;clés susﬁénded in a turbulent medium is not Jjusti-
W N N

fied, Accﬁ%d}ng‘to Brounshteyn and Todes the vertical distributién of

particles does not depend upon tﬁe size of the particles which? hpﬁever,

contradicts experience. Furthermo;e, acco;ding td this method of cal-

* culation ; speed of pulsation of the air of the order 1 km-sec"1 would

. be required by the condition in which the concentration of the aerosol

would decrease no more than two-fold at a height of 10 cm!

More or less detailled experimental research on the vertical dis-
tribution of particles in a turbulent stream has been done only in

water suspensions. -In the experiments of Vanoni [373] Dy has been

calculated for -the profile of the speed of flow (see following paragraph).

In the work of Kalinske [374] D, was determined experlmentally for the
dispersion of a water solution jet in a stream. The vertical distribu-
tion of sand particles with radius on the order of several score microns
(up to 70fh) which was found in these experiments more or less sagis-

factorily agreed with formula (45'2)'.

B

Thé only measurements on aerogoI% were conducted by M. Kalinushkin

—[375], who investigated the distribution of saw dust and other dust par-

" ticles in a 25-cm horlzontal round tube at U'= 10 to 17 m'sec—l. It is

- noted that in round tubes tu}bulent flow usually is accompanied by ro-
t;tion of the pas around the axis of ;he tubr, with the result that the
vertical distribu;ion is transfbrméd into radial distribution;‘in.ﬁhiéh
the concentration of particles is mgximum at the periphery of the tube

and decreases in the direction of the tube's axis., To obtain normal

N

- 104 - “
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' vertical distribution in a round tibe rotation must be eliminated
by reans of a Screen. The data of M. Kalinushkin lie well within a

straight line graph, corresponding to rormulq (45, 3)

The data of 'Sherwood aﬂg Woertz [376j also may be introduced
here, in which Qt. was meaqured in an air stream in a canal with
right-angle oross section, 5.3 cm in height and with a high ratio-of
width to height. At Ret = 10,000, excluding the thin layers at Ehe
upper and lower wall surfhces, D¢ was found to be practically con-
stant, which is expressed by the empirical formula

. : D=0 044 YR}™ - )
wh;re ¥V 1s the kinematic viscosity of the gas. For particles with
r = 5fu and density 1 » at U = 13 m/sec (Re = 40,000) the value of
\'s /Dt was found to be equal to 0.016, and the ratio ‘of concentrat;on

at the lower and upper walls in this case was 1.1, 1,e., we-have an

almost uniform distribution for all sections of the channel,

We have described the action of turbulent stream on particles
Suspended in it, The opposite problem, of the action of the dispersed
-phase on'its carrier turbulent stream also is of great interest., From
experiments i1t 18 known that the critical vaiue of the ReI number in

clay suspensions ds larger than in clear water [377, 378] In the

served and, conseyuently, hydraulic résistance in comparison with clear

vater; this wasg also accempanied by a di;tinct drop in the degree of

turbulence of the stream, and in the coefficient 6f tdrbulent diffusion,

The cause of these phenomena ig the‘followiﬁg: as we h;ve seen,
every particle of the dispersion phase participating in the pulsations
of the nedium is in continuous notion in respect to the layer ot the

. medium adjacent to it due to the att{action of gravity, Thig is

- 105 -~
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uccompnnied,by the dispersion of meéhdn _\1 energy (couyersion 1nto~

3,0, . R B ,.j

heat) which may be removed only fxom the encrgy of pulsation. Thih

.

nust rusult in a decrease in the- degree of turbulence'w'Because the

tionate to the product of the. wetght of a particlc.and 1ts~speed of pre- .

lu’
8/3" N

cipitation, i,e., the mass of a ppnpiclo to the degrce 5/3 (" .); at
oy 3

. e
. i

a constant g:avimetr{c concentration e = un tho decrease in the degree

.,"‘ ' r ~ PR

of turbulence must 1ncreuse with the height of thé pn:ticles. Thé ob-

. §?rya§;on InQroduced under paragraph 29, that the resistance of a cy~ o
clone decreases with an increase in the concentration of dust, erlains i
the decrease in turbulence under the influ;nco o; suspgnded dust.b This :
already has been proposed by many. researchers [379]. (In an article
published in 1951 [380] the present author described a decrease- in tur—
bulence by ;he dissipation of energy caused by the reiativé motion be-
tween the particles and the medium caused by incomplete blowing away
of particles by pulsations. As is apparent ?rom the above this effect

must be very small.)
\

The theory of this phenomenon was developed by G. Barenblatt

[381]. The size of this effect is determined by the value of the non-

dimensional expression, which in the case of an aerosol has the form

' — _ __gdejdz | L
where =z 1s the distance from the bottom and U 1is the average speed

of flow,

At X (¢l the dispersion phase has no influence on éhe degree
of turbulence nor on the proiile o£ the speed of flow: only in this
.case is formula (45.2) applicableifor the vertical di;tribution of
concentration. At K eyual to unity tﬂé mean-s&uare speecd ofvpulsaf:

is

tions u is expressed by the formula ﬁ = uy(l - K91/4 , where u,

the value of u for a pure pas. In this case formula (45, ) is not ap-
plicable and cqlculwtlon of the distribution of concontration is compllcated

' ~106 -
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46 . Precipitntion of an Acrosol in. Turbulcnt Flow :i\
..__._____._____N___.__.

In turning to the problem of the precipitation or an aerosol in

turbulent flow it is noted that alwost all which has been snid uhider

“ v

paragraph 44 on gravitational prec1pitation in the presonce or éOnvec—

tion and artificial mixing is valid also in respect to turbuleht Ilow.,

Because the mean-square. pulsation sSpeed in a di:éétion perpendicdlar to'

the line of flow 1s approximately equal to 0.03 to 0, i U ’ where v

My

1sﬂ£ﬁe,auerage Sreed of flow [J63, 382 376 383], ‘the speed of pre-
cipitation of particles with radius less than 10}; in a horizontal

tube is considerably less, even at g value of . of several meters

’

~-sections of the tube. The nuinber of particles'precipitating per second

per unit length of a tube with radius R is 2ang'= ZRgnt , where n
is the concentration of particles in the 8tream, During the passage
of an aerosol layer one cm thick through a path dx » 1.e., during
time dx/U »  2Rgne dx/U particles precipitate from the layer. Since

the volume of this layer is equal to qr? » We have.the equation

-_iil 2Rm1‘ 2m.'g‘ ’ (461)
4z " SRT . wUR )

From this, analogously to (44. 21), we derive the formula

n = nyexp [_ :;‘:] ) N ‘ (46.2)

which indicates the variation of the Concentration of particles of g
gilven size in the function of an aerosol passing through the path x ,

The speed of precipitation of the aerosol, which is proportionate to

<

‘n , decreases eéxponentially in the direction of flow ‘,

s

These considerations also are applicable to the theory of the

Cyclone. Assuming that turbulent mixing of the aerosol also takes
place in a cyclone and, in conformance with formula (29 1), that the

speed of flow at the external wall of the cyclone is equal to U, /2

Wt

the radial speed of particles is eyual to Uot /4R2 ’ ahd the number

. -107 - . -
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tension 15 considerz(xbly less th;m the strength df flow theoretically

u! .,." PR

. s \J
alculated ior "la’\ inar system [181].
. \ . -

X o
D% ~.~5

LA L
- 5 ate

Belore discussing tho diffusion precipitation of ah aerosol

»'4
s

<. r!rom a.k gurbulent stream several important facts will first be cited.

In the experimental investigation-of the distribution of average
'ep'éeql- of ,-turbulent f‘flqw in tubes and in open channel it has been es-

“'tablished that under these conditions a logarithmic profile of speeds,

-

»?
U = o ln z 4+ b. . is obServed where ‘U is the average speed at dis-

tance z from the wall., Proceeding on the ides of the "length of

the path of mixture (a. value which plays the same role in the theory

.
’

.01 turbu:!.ent viscosity emgl di!fusion as 'is played by the length of the

.t .

free ’:pa‘th'- or’ {r ;nolecixle‘ in the theory of. molecular viscosity and dif-

fusion), Prandtl‘ [385] derived the tormula

. L UU = = + c (z2>3., ‘see below) (46.7)

. .

in. which * is the constant of Karman, which combines the length of *

‘;g:’heapat},x of mixture ! with the distance from the wall according to

B

. the equation. - L G - (46.8)

’C‘ is a eonetent which ¢annot be determined. by theoretical means, and

LiU*" is a value with a diménsion of speed called the "dynamic speed,”
N L .

* 1"

or the "speed of friction;" and-is linked through the equation
St - U=Vl (46.9)

with the 1mpulses T transmltted per second by the turbulent pulsa-

Sy s, _) ’ . .
‘ tions- through ‘a parallel wall of area one cm®. Cclose to the wall T
Lo *
ce Y rg)a be consniered constant (1ndependent of z ), and consequently
R A o
) ual t“o ;f:he force- of friction between the flowing gas and the wall |

B

e f:ér cm of the 1atter. The valyes 2 = 0.4, C = 5.5 were found
- s ; . P

through exper:ments,.and so formula (46.7) may be written in the form

- U/U‘=25!n +5.)—-575lg-——-+55 (z>8,_) (46.10)

u
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This formula, 1s udt applicable at very small distances Irom
Tow AT ""

the wall becausc at: 2z -§ 0 it leads to U ~—§ ~00 , sincg at the
A Y & . jf: .
wall surtace the speed pt flow 15 equal to 4e;q. Because -of*this a
;-x 3 ;&,,, - t
T T .
. thin laminnr layer QI thiokness SL‘ must.be assumed at” the %ull surface,
,---~ .'.~ Yo .

in wﬁiéh Qhe gas moves in’ accordance with the ozdinary laws of the flow’

of a viscous 1liquid, and the 1mpulse 15 tlansmitted through moleculnr

viscosity. Thus, T = :7dp/dz ‘at _z.< SIJJ~£roq which it follows,
7 that in a laminar layer - . s Uty pes L
e . U/U == U':, =— (z<8L) CL (46Y1)

v

* »

cp
L

Experlence shows that the profile of speeds at zU*/v £ 5 is

expressed by formula (46.11), at zU*/v :> 20 by formula (46. 10),
. : ’
and’ in the intermediate zone is expressed by a continuous transitional

-curve [385], Because of this- the thickness of the laminar layer is of

R the: order Of magnitude o= 10v/U". E o (46.12)

vUsing the idea of "turbulent viscosity, ', the equution

e s

t=mdU[dz (2> 81). T (46.13)
. may be written.

inserﬁing in the latter the expression from (46.7) for- dy/dz

_and thenekpéession.from (46.9) for T , we have h,¥:;;075€ "From

B -

which the following formula for the "kinematic turbulent viscosity"

V= ;1;7—:[; is obtained: -;1-—:;[1' . - T (46.14)

Because the mechanism of turbulent transmissioh of an impﬁlse
and mass are identicai, the coe%ficicnts of turbulent diffusion Dy
) and the v1=cosity vt ;usg have qpprox1mately the same value. Actually,
T accordiug to Prandtl' D /)lt = 1.4 to 2.0 ; and accordlng to the ex-

periments of Shurwood and Voertz [376] D, /v 1.6 . Using these values,

the coefflclcnt of turbulenu diffusion may be expressed by the formula
’ 1}—15—20sz~06~080' (z2>3). (46.15)

)
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i noyever; this Iormulaﬂié applicdble only at, 'z 5 SL , 1,0., out-~

n‘eide BIFInminaf flow. There are two points of 'view concerning the me-
chnnism or dittusion inside this 1ayer~ according to Prandtl' and
L. L}
Taylor [387] turbulent pulsations are lacking inside a laminar Xayer,
ﬂ "

s f.e., the transmission of substance oceurs. solely through molecular

. PN

'difiusiqn (the samwe as, the'transmission of. momentum), and according to

,"n Y

1andaueand L@vich [388] turbulent pulsations penetrate the laminar
'tlow, dying out only at the wall surface and in which D; is‘ propor-

tional not to the first, but to the fourth degree of z , or
o - D= U2y (46.16)

. At the wall surface there is a "diffusion substratum" of thick-

nees SD s in which molecular diffusion predominates over turbulent dif-

fusion, Here SL>>5D . 'i'hus, according to Prandtl' and Taylor the

border of the diffusion:layer, which in appearance coincides with the
‘«ﬂbofdef ot‘tﬁe laminer layer, is determined by the fact that on the former

the coefticients of turbulent and molecular viscosity are equal, and

= R
‘according to Landau and?Levich the border is determined by the fact that
a% this 'layer the coefficients of turbulent and molecular diffusion co-

.

incide._ In the cases in which ‘H/” ::Dt/D , these borders actually do
1+ coincide, and the hypothesis of Prandtl' and Taylor appears applicable.

.Assuming that .y /D, ~ 1, it'is necessary -‘that the Schmidt number
: - t° 7t -

i

"Se = ¥/D also be of ‘the order of unity, which actually occurs, for
example, in the diffusion of gases. However, in aerosols "Sse» 1 ’

izb,) Vt/U}ag.Dt/D . Because in the zone adjacent to the wall the in-

Y . -
.'tensity of turbulent pulsations and the length of the mixing path and,

' .

consequently, Y, and Dt in all cases decfeabe?as the waif is.ap~

prowéhed -However, y and D are constant values, and from the Iore-_

. B B
’ . :

going it follows that D /D 1 e§ a cgnsidergplygshorter distanqe'from

' the vall than does W/¥ , i.e., $5

"
B

.less than 3.+ 1In addition, under a ‘given -system of 1

éivenr S. .the vnlue of 8 eannot be’ constd

=

_ cally with D .
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t

. e e = e e
. . Sy A N "4

In particular, according to Landau and.Levich, from'tho deétor-

D=p

Tz ¥rreat pa3 o -,
_mination of SD it follows that Huﬁn)"U /8L, Lrom which .

e e 0578, e
b5 Dy "«"I:‘_o"[f‘z."—fhﬁ. e, (4647

In calculating the sSpeed of'diIfusiou precipitation of an

acrosol on the walls of a tube"éhunues 4in the concentration of the
aerosol in the direction of flow a}e 1gnored, i.e., it is agsumed‘that
the concentration does not depend upon. time, up;q thé X ubobrdlna;es
takin in the direction of flow, nor even upon thé distance from the
wall z . In view of the low speed of diffusion precipitation and the,
comparatively high speeds of flow under a turbulent system this simpli-
fication 1s completely justified, fn this case the same number of .
particles I pass through every parallel wall of one cm? area per second;
under which condition because éf the great size of the coefficient of
turbulent diffusion at points far from the walls the concentration of
the aerosol may be taken as constant (no) throughout, with the ex-
clusion of the wall layer. Indicating the effective coefficient of

diffusion by D_ , which includes both the molecular and turbulent

B
transmission of substance, the eyuation may be written in the general forml

ST sy

I= DE%:L = const.
In calculating I it is necessary to start from a definite hy--
Pothesis on the size of DE in the function of the distance from the
Qall. It is easiest to make this computation on the b;sisAof the
Prandtl'-Taylor hypothesis, i.e., assuming that at Z¢:SL only molecular

diffusion occurs, but at z > SL only turbulent diffusion occurs. 1In

——— e

the lam:inar layer . =D% (@< ), v ‘. | (46.19)

. .

from which n.= 12/D +‘C1 or, since at 2z =0 n = o -

TR=I/D <) (46.20)

In the turbulent zone DE is expressed by the formula (46.15) and,

indicating the coefficient 0.6 to 0.8, by . , we find

I=ay:d2 (z>8), (46.21)

whence

n= é;- Inz+ ¢, L. (46.22)
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Indicating the distance !rom the vall by h N ‘at which n has
the constnnt value "o y We obtain " N

. R no——lnh+0, ’ (46.23)- °

-or, eiiminating C, ' through (46.3%2) and (d6- 23y,

2

~

h "

.

R=n, + — ,,. In, : (46. 24)

z = 8 the expressions (46 20) and, (46, 22) must’ coincide.

R "w‘\‘\" *

Substitutinz z tor,' S‘L" ‘in the latter and equating, we obtain
I “S o
" D
B 1_\""_‘_? (46.25)
3 +EF" In 7= .

- ——— ,-_.... e e e ———— e = e .

or,'sﬁbstitut?ing U* with mv./SL according to (46.12)

= -noD . noD
w07 D5, 7 : 5
. Lt oty 100.5(, h)

" since in aerosols Sc»> 1., the second members in the parenthe-

ses must be ignored, and we finally obtain
D
S . T~ (46.27)
- Thus;, according to Prandtl'-Taylor, thé speed of diffusion pre-

cipitation is proportional to the first degree of the coefficient of

B

thermal dittusion of an aerosol in which, as is apparent from formula
' . X ot

(46.27), the concentration of an aerosol must be considered practically
constant right up to the border of the laminar layer, which has been
done in (4'4_'..14)‘and (44.15): An analogous computation based on the

hypothesis ‘of Landa.u and Levich is considerably more complicated and

only the final result is 1ncluded here, in the form of the formula
. . X . ]_:Bnab

3 D P

-—where ﬁ Jis ﬂxe numerical coefficient of the order of unity, the value

of which may not be determined theoretically. Since, according to
(46 17) sD is proportional td 1)1/4 I is ‘proportional to Da/‘1 .
ThlS dependent: relationship is explained by the i’act that when ‘the
coeti’icient of- thermal diffusion is decreased_ turbulent pulsations carry
particles- closer to the wall and- thus partially compensate for the de-

crease in p .
; g

ol Although the déscription of .the process of diffusion 'procipita‘tion‘
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I .. n - . s . - .
BE3 Tet v - - : “ta . . o
N 3 . “ .

ot an nerosol trom a turbulent ‘stream in accordance with ihe hypothesis

" of Landau and Levich undoubtedly gives a-better approximation of reality

:

thnn accoxding to the Prandtl —Taylor theorzyv; {he mechanis, of this
procoss in the ﬁnal analysis may be explained only throuph experi;nent.
It would be adva,ntaceous, in 'f;he latter, to use isodi.,pusion fo‘lzs of"
i .
sun‘uric ncid produced by the La Mer (6] generator, which wou}.d [,reatly
"" B "4 v RYR T‘
Iacuitate detelmination of the amount of preci itate ‘on the walls.
BRI, ST CotY
Taking !oga with variou5' sized particles, the dependence of 1 on D
cl \‘ ‘N RN !
could be. fg\ind Irom wuich the law of variation of Dt~ with chanpges,
-4 PRI S o R
E LI A TR .

118 the distanca “£1'om ttl\e wall cou,],gx be established.

Wit [\ “' 3%, &‘ " R

1t is suggested that 1ormulas (46 .27) and (46.28) are suitable

N

foxr f)ractical use. In this respect experimental data [389] obtained

in smooth tubes at Reyp < 10° may be used, according to which
. 046Uy - 02U . )
v ’,“"n—",'-__ T’ 46.29)

¢
vhere UM js the speed of flow at the axis of the tube, and U 1is
the average speed. From this we ‘have . .
' oL -—10le ~50vBe,‘/U.»— iOOR[Ro/ (46.30)

(R 1is the radius of the tube), a

1)

(frc_m\ prandtl'~Taylor) (46.31)

further, 4n accordance with (46:17)-

S

bp = 57 RD™ e} ' T (46.32)

n,D _ BD "noﬂc"v

I= 30~'=‘ 5 R“"" (from Landau-Levich) (46.3,3)'
. I‘ i ‘- . -

No experlmental data are ava:.lable on the non-evoked sedimenta-
tion of the pv ecipltation of an aerosol on the walls of a tube under
turbulent flow. Alexander and Coldren [390] atomized water DY means

of a Jet through the axis o:f‘ a short horizontal tube and measured the

concentr"zi'tion‘of fog at varmus pomts of the tube, from which they
* calculated the ’speed ol pre(npltation of the fog on the walls. uéwever,
in these experiments the drop in concentration from the axis of the

tube to the peripl\ery obviously has pothing in common with diffusion

J 14 -
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. precipitatlon, and 1is related to the known profile “of concentrution
) 4 . “rr

in a f{qq strean, . o a

¢

. Tanlng to the inertial precipitatlon o} an ‘aerosol from a

turbulent stream, it is possible ‘to think that because of complete
hd

blowing away of particles by the~turbu1ent pulsations inertial pre-

v . oed

cipitation must be abpent in this case. . However, the calculations iﬁ
& ‘:, l"

and following Table 24 are related to the central particles in a tur- *

3 . o I, Y ~

e n

“bulent etream. ,Furthermore, obsexvation has ahown that the,&peed of - ';
I

pulsatlons increases in proportion to proximity to the wall, nnd begins
to decrease only at a very small distance from the wall [382 391, 392].
On the other hand, tpe length of the miking path and, consequently, the
diameter of the ;ortekes, continuogsly decrease as the wall is approached,
but pulsations perpendicular to the wall observed by ultramicroscopic
methods are o% a very small scale, even when the distance from the wall

is on the order of several mierons [382].' Thus it is possible that near
the walls a sufficiently large inertial force acts upon the particles

N

to enable precipitation.

Unfortunately there are no expe;imenpal data on this problem.
A copious precipitate of dust frequently is found on the walls of
vertical’tubes, which possibly is caused by inertial precipitation from
'e'turbqlent stream. It must be remembered that at a very high rate
. of flow solid particles whieh have precipitated may be blown away by
the stream, and therefore the lack of a precipitate does,notynecessarily
) indicete the absence of precipitatioe. The solution ‘of this ‘problem

would require experiments with fogs, or the walls must be smeared with

-a 'viscous liquid.

on the other hand, precipitation on walls caused by "constant"

local vortexes which are caused by flow a{ound yarious obstacles, etc,
B * v o .

is éommonly known. Figure 66 shows a phojogféph of a dust.prepipitate
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Céqlbfmé&uahflng the course- or one year on the wall, oI a ventilated room '
in the viciuity of a telephone wvire, caused by a thin stream of air

1

issuing Irom a vertical slit located to the left of the wire. The

L dark, narrow line of dust is in~ front of the wire, andthe thickez band
Iy

-
o

1§ behind the wire, - In addition, ‘there is an ‘fnertial pregiprtate on

- phe-ffontal'surface o the wiTe, wﬂibh was formed in the aﬁééhcc of

) ~vortexes.:omhe‘vortexesiformed by air fLOWinL around an obstacle are
.
}

shown diagrﬁhmatically in Tigure 67! a very

1

. ‘derved 1n the theoretical 1nvestivations of N. Zhukovskiy [393] in the

~

‘similar picture was ob-

formntion of snow banks near obstacles (fences), however, in this case
T phg‘maih effect &Aswﬁﬁe to the sedimentation of arrested snow instead of

inertial precipitation from vortexes.,

Vortexial precipitatlon also is observed under known conditions
by the~flow of freely distributed particles around an obstacle, in
which a precipitate isrfdrmed not only on the windward, or upstream
side, but aléo oﬁ the ieeward sidéﬁaf the body. According to the ex-
~p;riments of'Yeomans [248] at a speed of flow of 8 m'sec™l 2,5-fo1d
more droplets of fog with r =5, Gpa precipitated on the leeward side

of a- glass disc 7 cm in diameter placed perpendicularly to the stream,

~

than on the w1ndward ~side. Accordlnp to Landdahl [236] more particles

- precipitated on the leeward slde of. glass plates 2.5 cm wide at a speed

-,

“of 0,5 m'sec than at a speed=of 1.5 m- sec—l. In the exneriments of

- Asset and Pury [394] droplets of a- isodiqpersed fog with r = 6.5k did
not prec1p1tate on the‘leeWaqd side of glass cylinders of 7.5 cm di-’

A

ameter nor on the harr of the uncdvered forearms of persons, at.a speed.
r, t ‘ ¢
'3 of*flow of 2.3 m:secTt P1ec1p1tat10n on, the hairs of the covered fore-
e L,.'

arms of persons was)appxoxlnately 4—Iold less on the 1eeward side than

’ on‘the windward, Appar;ntly def1n1te hydzodynamlc conditions are - .
n;;cssury for pPGCprtqtlon to takc place on a leeward surface: on onem
'Q_hapg' the’ SpOed of flov<1n the vorte\es nust ge adequate for inertialﬁ‘
K : ‘.\. - lll} e *

.
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-~ precipitntion ot particles, and on the other hnnd the vortexes must . ';‘
o . o -

'~ e ‘ » ",,.. .‘v AU
P .

notxbe too rapid

S reme s BTAS . ' S tT
e R e s

v

in the dircction leadlng away from the obstacle around -

) .« which the stream" is Ilowing . . B

<N, . PN
N EE TN . (R

This possibly is related to the tormation of a dense dust

My IS

precipitute on the walls of diffusors at the—exit because this is

0 LR R
TR
the place where the vortexep ‘tear nyay from the walls,
S L R S B
»..s,-f “‘{I\ \‘ o
i e o

. .
N

éT, Distribution of Aerosols in the Atmosphere

’

N The problem of' the movement of seroscls in the atmosphere

) . (smoke 1ssuing from factory chimne

- .

ys, camouflage, and insecticide fogs

produced by Special generators, etc) has great practical importance

from a technical and hygienic point of view,

of the prevention of pollution of inhabited localities from industrial

such as in the problem

. : aerosols. This problem may be of great importance in connection with

"

; ) . atomic bomb devices, the explosions of which create enormous clouds of

radioactive aerosols which extend through the atmosphere, the concentra- ’ '

- tion of ‘which constitutes a danger to human beings at distances of several

hundred miles from the explosion site. waever, despite the fairly larg%

number of experimental and theoretical investigations which have been

s . Jtoconducted this problem still has not been sufficiently studied mainly

;because of the extremely great complexity and variability of atmospheric

; streams, ‘which give rise to enormous fluctuations in variables which have

not been encompassed by mathematical analyses
o BY
N ’ ) perimental proving of various theories is extremely difficult,

A\
‘

N The m

Because of this the ex-~

ovement of aerosols in the atmosphere ‘ls composed of the

.

. movement of the air itself, and the relative movement of particles and

. 0

which for not very large particles b01ls down to their precipita—

air,

;tion under the influence of gravity.j At the outset we shall ignore this

1

prccipitation, i. e., we shall-consider the distribution of highly dise

> v

' persed- aerosols in the atmosphere. In this case -the laws of the K . |~

! AN : - 117 - -
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3
Theso

hav. been discussed 1n ‘detail in 1rticles by Sheleykhovskiy [395],

s
R R}

- Andreyev [396] and'Sutton [397,‘398], and~therefo1e wc shall focus B 'f:

5 ; attontion on, the principnl facet of the problem, without speuial at-

4

rtention to the pructlcal details, The problem to be considered first

'lx' . .
r

is® the mechanism of turbulent dissipation in the atmospheré‘L bécause .
. R D e -4
J?§ athis qublem NE: qot coweled.mely-iuhly in the ‘literature, and occasionally
v K i . . .

v . . . v <

e 1t 15 inborfbctly described.

P '_‘
- B K

The general character 9f the dissipaﬁion of ai aerosol in the
¥ ¥oueed

- gtmosphere is as follows: issuing from any point a cloud or a con-
I3 DR . R

tinuous aerosol stream moves along with the wind and simultaneously
is dissipated by the 'action of atmospheric turbulence. Molecular dif-

* )

fusion has practically no role in this process with the exception of

a ﬁery‘thinuairxlayér;at the shrface of . a body in contact with the

-

aerosol.
Atmospheric'tﬁrbulence has several specific traits which must
be mentioned brieflyfﬁere. In turbulent flow in tubes, channels,

rivers, etc, at each point of the stream there is an average speed of

flow U which has a practically constant value and direction and which

§~ -may be easily defermined experimentally, upon which are superimposed

e 7 “irregular turbulent pulsations.‘ The changes in U , if they take BN

B

place at all- (such as daily or seasonal changes in the speed of flow

of rxvers) have a :period several orders greater than the period of
the largcst puISntions Furthermore, U considerably surpasses the

mean-squarc speed of pulsations- Thus, in this case the border be-

tween the neutral flow and pulsations is very sharp.

- * In the ‘atmosphere the wind velocity, measured by.wind vanes, etc;

continuously changes hoth in direction and inténsity, in which the size

of the variations monotonouQIy increases with the time during whlch it ’
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37 s .

“4s observed. uexe we have a full $pectrum of pulsations, beginning

with very small pulsations with periods mensured in hundxeths of a

8econd and ending in daily and annual variations in the specd or the

wind. Because of this no border may be establlshed between ;he average

’ '

and pulsations, the speeds of which cannot be establlshed in,this case,
. HE

N 4

and the average wfﬁd velocity measured by Various meteorological instru-
~' 0 .

- 3

ments for one-minute periods may be considered the pulsation speed ih

x-, b

3-.*3‘ ‘
observations extendang over a year.

(IR

Conside;ing bere the mechanism of diffusion in a turbulent streamn,
we shall begin with the simple case of élow in a tube or channel. Taking
an aerosol stream issuing continuously through a long, narrow slit at
any point O (Figure 68) perpendicular to the stream, line O - 0' in
Figure §8 indicates the stream of neutral flow, and the curves OA and
OB 1indicate the contour of an aerosol stream fixed at a given moment,
determined by the condition that the concentration of the aerosol along
these curves 1is equal, for ex;mple, to 10% of the concentration at the
gxis of the stream. The mean square of the deviation of particles from

the fixéd aixs O - 0' , registered by a stationary observer (Eiler dif-_

Ihsion), is expressed by the general qqggp{gp_
o = 2D,1,
(for simplicity. D, is taken as the usual coefficient of turbulent dif-

(47.4)
fusion, constant for the entire field of flow). Thence, for the d_is;
tribﬁtion of concentration of an aerosol in flow (curve II) in the case

of a continuduély moving source the following equation, which was intro-

duced .above under (39.195; i's ‘obtained

Uzt

il A0 F ‘
V inD, D, Uz ) o @y

and from the foreroiny it follows that this formula gives the average

concentratiop per unit time; calculatéd according to general laws,

.-

The situation is different in the case of mutual '‘diffusion of

T T particles inm a turbulent stream, i.bl, movement” of the. particles in
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™ kel o . .. o

respcut to an observex moving at the sa%c rate as one of tho particles

we

[ .

(Lagrange diffusion) Because Eiler diffu51on occurs in all pulsations,

- only pulsations of the scale A participate in Lagrange diffusion,

Y

nnd A is of the sanme, or smallel oxder of greatness than that which

extsts between particles x ., These pulsationq continuously incrcaoo

< 5 - AN

the distance between partigleq, i e., thqucad to expansion of the
L EETY

streany . Laiké-scala pulsations with A >»x ’‘cannot, obviously, change.
{ EA FIE XA

= the qistaqce between particles, i.e., the width of the stream, but de-
i1

- crease 1ts wildth and break up the-stream into individual puffs. Mo—
- mentary distributions of the concentration in the stream (curve I) ob~-
viously are_determined by Lagrange diffusion. ,By way of illustration-
a photograph of smoke issuing from a factory chimney under various de—A

grees of atmospheric turbulence [399] is included below (rigure 69).

‘The scale of pulsations which are able to change this condition
increases with an increase in the width of the stream, i.e., an in-

crease in x.. In Other words, the Lagrange. coefficient of diffusion

.

DL increases continuously in proportion to the ﬁovement and widening

v

of the- aerosol cloud, which also is a peculiarity of turbulent diffu-

sion. It is emphasized again, that this circuﬁstance is of importance
?
. in the distribution of momentary concentrations, but not in time-

average conéeqtrations. By empirical procedures Richardson [400]

found the following relationship for

Dy = O,Zz'/'.i
As A. Obukhov [364] in@icates, formula‘(47.3) may be theoretically

.

derived for the range of pulsation scales to which the theory of .Kol-=

. mogorov may be épplied.

It is not difficult fo see that at x = 0 , actually D =0,

" becalse particles distributed in a dense line cannot be easily broken

-up by the action of turbulent pulsations. On the other hand, in

" several casas, such as a vide’ river,, turbulent pulsations at two points .

- 1204 .
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1

)'}airly wiéely separated mey become independent of each other. In this
bl
caso formula (47.3) 1s inapplicable, and the Lag1ange coefficient of

diffusion is equal to the sum of both (Eiler) coefficients of diffusjion

at these points ) Dp.= Dy, + Dy, (47. 4)

v

in the same way that this occurs in molecular diffusion (see equation

(49 8) through (49. 11)). Generully speaking D, < < D, + Dy, always, and

thus the neutral stream MON (see Figure 68) always is wider than the

‘r v

momentary profile AGB, (The article of M. Yudin [401], in which the

present considerations on turbulent dissipation in relation to a fixed

o v . “
[N TR

axis and to the axis of a smoke g§tream is given a much more strict

fogwplation% came to the attention of the author only after work on the 1

prgsent book had begun.)

Turning to diffusion in the atmosphere, mention must be made
!iret of the substantial difference between vertical and horizontal
pulsations. Although wind velocity usually has a small vertical com-
ponent thi; may be ignored in the first approximation and the average
i vertical speed of the wind may be taken as zero; this eliminated con-
» sideration at this point of pulsations and average velocity. The co-
efficient of vertical turbulent diffusion (Eiler) D , determined by

'

the kinetics of the vertical volume in the atmosphere and which plays
; very great role in meteorology, has been the subject of numerou;
theoretical and experimental, investlgations, and its magnltude, which
depends upon the altitude above the earth, wind velocity, and other

meteorological conditions, the character of the locality, etc, in the

first approximation may be taken as unknown,

The situation is complex -with respect to horizontal diffusion;
as we have already seen it is not ‘possible to demarcate the average,
and pdlsation Speeds; therefore, in the given case, the wind velocity

N

Ushg must be taken in timewfixed observations tobs and the average

- 121 -
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F R o e

:-velocity,for time tobs deterﬁine&, and the difference betwecn

épomentnxy values of wind velocity and U must be attributed to

o ’
e

pulsations. Similarly the-movement' of the aerosol is taken to con-

Bist of a -regule:r movement'wi'th speed U bs ! and of dissipation of

‘its pulsationsi It 1s completexy clear that with an increase in ¢t obs

both the mean square speed and the scale of- pulsations will Spaed up

y ;
[ .‘5. L - '-.'. ¥ e

Pecauspﬁnll changeg, in wind velopity for-all large intervals of time
) afe'49§§rmined from the lathg; consequently, the Eiler'coefficients
LY

of diifpgion D also will increase, Therefore, the larger the t

tx obs

‘the greater is the widening of the "time-neutralized aerosol jet," and
. \ -

the lower is the average concentration of the aerosol at points of the

s%ieaﬁ:Which are 'located at a determined distance from its axis, i.e.,

themmakimum concentration of the stream., Thus, according to the ex-

éeriments of V. Ryazanov [402] the maximum concentration of 802 in

‘the immediate vicinity of a point source (factory chimney) at tobs =

. .- =5 min, one day, one:honth, one yearl corresponds to 4.5, 0.94,

L3

0.75, 0.3 mg'ma, respectively. Unfortunately, the law for changes
‘In the coefficient of horizontal diffusion with the time of observation

is unknown, without which theoretical calculation of the concentrations

'
.

’inﬁén aerosol issuing from a point source (or linearly with a length

‘equal to the distance from the source) is impossible. 2

With the exception of .formula-(47.3) nothing is known of the

value of the Lagrange coefficients of diffusion in the atmosphere,

o

.either, which are necessary for computation of momentary concentrations
- - in a stream. In addition,formula (47.3) is only a very rough approxi-

“

mation because it does not allow for the degree of turbulence of the

wind',

3

fhe first attempts at thé establishment of a theory of dissipa-
tion of gaseous mixtures in the atmosphere [294] used general diffusion

~equations in which the coefficient of turbulent diffusion and the wind

- 122 -~
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. . '

o7 the ground z . This cascﬂcoiucides with the problem described at the

. PRt
mr

“end pt parngraph 39, and the. concentrutiou of the mixture at a detexmined

N "w%t - ro. ~ h s -

point 1u spnce is; expressed as»a function o{ the charncter of the source
O

‘7 0 , afew o A oy e .

by formulns (39 13) (39 14), (39 18), or (39.19). However, the re--

-d*é'r_sults of this primitive theory were at considerable variance with ex- <
- perience: at an iucreasing distunce from the sourcs the actual decrease

L in the concontration was much -greator than that indicated by the formula.

e - In the opinion of Sutton,[403, 398], which was very popular for a long

t;me, the cause of this VRgiance was the increase in the effective co-

- '

¢ efficient of diffusion at greater distances from the source. Because in

o . ‘experiments’ the averdge concentration of the mixture always is measured

- 1 &

v fat known intervals of time, the theory of Sutton may be correct only in

fespect to the horizontal dissipation of a stream from a point source,

. .

. .and not for the vertical dissipation of a stream issuing from an in-
-7 finitely long (or, in practice, long in relation to the distance from

the ‘latter) linear source.

. . . oo
ot

L K £ . ~
The differential equation of diffusion in a stream issuing from

a linear source passing throdgh the starting coordinate and perpendicular feotn

. , B

‘ f? . to plane xz has the form (see equation (39.15))
- : o _ : ' ‘
L . L. . U T 0 (D" az) (47.5)

(;é ﬂ;" s - ~~12 wh?éh U and D, are, functions of the height =z (wind directed
“— ’ aI&hglax;s X ).’ (In this and'in.the foliowing paragiaéﬁ n may in-
: LRy .

t,“ P ) ‘,dibéte ﬁhe éalculgted, the gravimetric concentration of an aerosol

i‘ j ‘ and the concentfa;ion of a gaseous mixfure.) In this we ignore, as’

+ - ~

-t ) usually is done in problems of diffusion in a stream the d1ffus10n in

. xhe direction of the ‘x-axis. The regional conditions of thlS problem

@

S en “  are the following n=04dt z=o00 or z=00, n=00 at z=2=0, S Undz=d>’.

“ where @" is fh’e output per one cm of the source. The latter condi-

& R - . . .
Lo - < tion arises from the stationary nature of the process and the law of | .

.
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con%ervution of matt01. The form of function th(s) is determined * ,i

-~ “ . 1 ~

e -by the méthd descrived under equations (46.11) through (46,16) for a

L known wind profile, i.e., function -U(z); ’in this the coefficiehts of
! ) ' . ¢t .
turbulent diffusion and .viscosity are takoen to be equal.

Tho case of normal (drv adiabatic) temperature gradient in the

o, e te

atmosphere.has been subjocted~to the greatest amount of experimental RS

.l-

) research It has been establisked thnt in this case the wind profile s

.,‘n' y

; is lo"arithmio but it differq somowhat from the profile indicated in i et
- “-eduations (46.7) through (46.10) which occur in "smooth" tubes, be-
- cause under ordinary metzorological conditions the surface of the

- . .earth 4s "éoarseﬁ and flow over the latter is expressed by the formula R—

g . B S L e

?

A!. R where z° . and d are coefficients which depend upon the degree of /
et R . .
) : coarseness of the earth' 's surface (height and density of vegetation,

i eto) and on the experimentally determined wind velocity [404].

T N . ' . Unfortunately, insurmountable difficulties are encountered in

the solution of eqﬁation (47.5) in the case of a logarithmic wind pro- -

i

file. 'These difficulties are avoided by approximation of the ex-

pressions (46 7) and (47 .6) with the aid of the graduated functions .
. - _ U= Ul(——). . ey ST

SR o o U/U"=m(‘z‘°")" . (47.8)

R - "'; nndfthrough the Selbctionﬂpf coefficients q and m so that in-a

)

determlned f1e1d the values z of the graduated function are as close

) -as possible to a logarlthmlc configuration [404].

o .
s e, -
”, P . ’

;;u, -“’ b Proceedlng from his point of view cited above and from several

R N

‘f;“rived’at the bonclusion by semi-empirical methods, that the mean square

. . )
N 3

relqtlve motlon of pmrtlcles durinr time t is expressed by the formula -

i

e oo (-A'z——,—-Azﬂ)"=-C’(Ul =tow, C(41.9)

v

- lé‘l -
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T U

18 a generalized coefficient of turbulent diffusion and

is oonnected With q in equations of the wind profile (47. 7) or

© oy e

s

(47 8) nns follows; i . 8—2/(q+4) . . (47.10).

.

: ‘ ! .

S he - .
r. < Takiug the value 1/7 for q , which according to experimental data

A

corresponds ‘to a normal grad‘ent and smooth SUrfnce,'Sutton obtained
the value 8 =1, 75 . From formula (47.9) it follows that coefficient
C 1s connected with the Lagrnnge coefficient of turbulent diffusion

DLV‘ fof whieh.the:formule (Az,—-Azﬁ‘::ZDLq is valid in the relationship

A

N ¥

, Dy = i_(‘;‘_!}lt!—l = % 1y, (47.11)

‘In solving the basic~difierential equation (47.5).Sutton ignored

“ ?

“ 7 the difference between.the ILagrange and Eiler coefficients of turbulent
diffusion, and also variations in the wind velocity and variations in

the coefficients of diffusion with height taking for U a wind velocity
<

at‘a determined.neight (2 m) v Thus, in addition to (39.18) and (39.19)

NS

»'v'.» . TN

. '~ :-‘ Q' 3 22
he obtains B A - ]/;Eﬁﬁr; P( C") (4712)

¢

;*{for a continuougly acting linear source, and

winiouts's o o
e meme g g wr.3)
S - ; .

" for. a pointasource Here, y 1is the horizontal distance from the

axis of the stream Cy and Cz are values of C under vertical and

N

: horigontnl diffusion, for which Sutton [397] derived an expression as

o . .

‘)llézfnnction‘of velocity and gustiness (i.e., degree of turbulence) of

tﬁetwihd These formulas will not be used in the present book (in-

-

dicating only that C is proportional to U 4in the ratio % - 1 ) be-

cause Sutton [405] ‘'uses other values for cy ~and C, in addition to

.t y_.

‘the latte: in the examples he cites,. in the function of the height of

gource H , which-have been obtained experimentally under determined

.eonéatiOné'(on-dnxopen plain used, for pasture, at an adiabatic gradient

dnd wind> velocity 5 m-sec”™ at a height of 2 m) (Table 25).
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COEFFICIENTS OF DIPFUSION AT NORMAL GRADIENT
" (in a* system ‘of units of’r-m -g8ec)

fg.. 0 | 5. {m°
a1 | 0,21 S
itz o'az}!‘°'$2 0,40

to ngree with &he experimental v%;ues of Sutton - ' K

B

- -n value hich decrenses with altitude must be used for the C co~
v Ve s K \,
;. 2%

" "

meters [406] From this it follows that formqlas‘(47 12) and - (47 ; 13)

.,_v»

1n subatance, empirical and which, as well be seen below, concur

By
:\.‘.,4 W< - : ‘.

The important problem of local conditions at the

liw -, "

earth surface in the solutlon of differential equations of turbulent

N
Y

diffusion elso must be considered. For substances with a non-absorbent

surface%(fbrkggqmple,;inert gases) this problem is easily solved: the

e . .

"" lopgi.gqnditioéikf.a non-absorbent surface consists of the fact that

DO

ihevgradient of concentration in a direction normal to a wall is zero,

,’M ::,.,;;f,e.v,\"; - an/8é=0 at z=0. o (47.14)

o . -

Stribtly sbeaking, foi- .aerosols, the particles of which do not

rerund'ffdm the wall but adhere to it, it may be postulated that n = 0

P PO - . .

- at .z =0, However, in this case, in the solution of éifferential equa-

{~tiohs.of diffusion changes in the effective coefficient of diffusion in

oo N - K}

v K -thé:yall layer with the distance from the wall should be taken into ac--
. count (seé‘eqﬁatibns (46.20) through '(46.28)), which should lead to

great mathematlcal diffigu1t1es. Therefore, ﬁroceeding cn, the assumption

o, .

that the speed of: diffu51on of an aerosgl in the wall layer is very small, i

B
- - .

v i.et;fthexcbmpressed portion’of particles which are carried to ‘this layer
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" by turbulent éqlsdﬁfbﬁb do not precipitate on the wall but are carried

v - ' . ‘o

‘ j« away again, i this case it may be assumed that the wall is "reflecting

T F : .o
N

; :” i "“for turbulent diffusion,” and the conditions of (47.14) may Ue retained,
‘3i : ‘;_fégA If %he aerosol source is at a héight H above the soil, then

* PR

"5 -
', 1n(£ogmu1§§(47 13) and (47 13) it follows that z may be qubstituted

S [

e ‘for :4 T H. The formulas obtained, in this way are applicablc f01 those

'.,. N : values of x at which the cloud touches the earth. In order to obtain

a solutiom which satisfies the conditions Jof (47.14) the fol]owing
- method must Be used: a fictitious source 1s taken at an altitude sym-
. . "
.metrical Qith the source in relation to the earth surface, i.=., a ¥

boint or a line with coovdinates + = -H , x =0 , and the output of ) -

.lll’ * - o
%his source 1s the same as that of the given data. Under these condi-

tions, in addition to (47.12) and (47.13) the formulas are obtained

- .9 { [ (—H)? (z + H) C
. n= ———=—{ex oxp[. &+ H) 47, e
: ' . Vo [~ e St e = ]} (47.15)
S for 4 linear source, and '
. L Lo (9 (= (s + Hp -
N s n= G exp( C,vt.){exza[ o ]+exp[ e ]} (47.16)
oo " for a) point’ source. R
,In an experimental test of these formulas Sutton [405] placed o

o -

" the derosol source close to the earth surface, at a height (H = 0) .
,l JAt @arious distances x, from the source, in the direction of the wind,

R - . tﬁe:maximum concentrations in the cloud at éiven X were measured,

e ) i.e., at the earth surface level (z ='0) 1in the case of a linear

N - . P

~§6urce,'and a;oné the axis of the cloud: (z =y = 0) in the case of a

v L *poiﬂf _source. . In the latter case, as has been mentioned ahova, the'

r-

R maximum concentratlon decrease# #1th time t , during the course of

Ty B e

whlch-sgmples of air are taken for analysis, However, under the con-

‘;g d}f;ons of Sutton's experiments (rormal gradient), at t > 3 .minutes
It - L " . - . ’
oY * this deceréase was hardly noticeable, According to formulas (47.,15) and °

E tes - . = . -

“(47.,16) the waximum concentration is equal to

- 127 -
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P

nm.x_zo/«c,,c,az-" . (47.18)

v

in’ tho case of a poiq_t ‘solirce,

At'a‘ gradient close to normal, which occurs in these experiments,
$ T .

is equal to 1 75', as has been mentioned abovey i, e., in 'th‘e case of

a ,li:\ear source nma‘ is proportional to " x ~0..875° N and in the case of
aa point source is proportional to ~x~L. 75 - " It was nctually found that -
. ~0.9 176 4
nmax is proportional to X in the first case, and to 'x in

the second case. . T

Furthermore', from formula (47. 15), assuming “the dependent re-

lationship of ¢ on T , it' follows that Npax  CoUTl y0.875

’

_ Thus at wind ratios of  1:2:3 the corresponding value of Max Must
be taken at 1:270.875,3-0.875 _ 1:1/1.84:1/2.61. The actual relation-
.. 'ship was found to.be 1:1/1.84:1/2.77 .

“

RSN . -1
The absolute value of Mpax 8t X =100 m, U = 5 megec ,

¢= 1 ge*sec 1, was found to ‘be 2.0 mg'm3 in the case of a point
source (Cy = 0,21, cz = 0.12), and in whi,ch nmax = 1.6 mg*n” must

" be used. 1In thecase of a linear source at @ = 1 g.sec-l'm'l the

. . theoretical value is n = 33 mg°'m -3 » and experimental value 31 mg'm's.
. max - - . L

Assuming that a.t the "border of a cloud the concen’cration is

equal to O 1 of the maximum concentration, taking H=0 1n formula (47.15),

- s

we Iind that the "height" of the .cloud 2, 1issuing from a linear source

is QEtermined by the equation TR e *-’—h_.i_ﬂ_*___
- - &
‘ 0.4 = exp (— g,°;) . (47.19)

i.e.-",: at x = 100 m , 7, = 10 m . The value ‘foundlexpei’iment'ally was

'

FERS "
3 "L
aw

<

o = l‘me. :

1 N

Similarly, the thcoretlcal value of the ‘wmth of a cloud

f
v

. 1ssuing from a point source at the earth surface was found to be 34 n

. » : 0130002-6
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Accordinp to the experiments of Ye. Teverovakiy [407] formula T

yv . a

(47, 17) with coef!lcient s = 2 0 is applicable over a fairly wide in-

1 H
.i terval of tge value of thg tgmperatuie gradient, Ye. Teverovskiy found - .
< an nverabe‘value of 0,027 tor C in the case of areas with evcn,.

EN

abundant vegetation, and 0,086 for broken terrain with tall vegetation.

At this valuo of C was found to be practically independent of the

wind velocity. From this it 1s apparent that the data of TQbié 25 re~

iqg only to areas in which the experiments of Sutton were carried out.

B

s

A more satisfactory theory of the dissipation of a cloud issuing

trom a linear source at the enrth surface ‘at a normal gradient is given

L "

:, ’-by Calder [408]. 1f tormula (47. 6) is taken for the wind pxofile and

_1{~ lthe cqeff}c;ents of turbulent diffusion and viscosity in a vertical di~-

> -

”';L.H-‘récfion arg;taken to be equal, then the expression

L. o Dy, =xU*(z— d). v 4n.20).
. . is~obtained for D,, according to tormulas.(46 11) through (46.16).
) Since d wusually has a value on the order of several centimeters

'y . N
¥ am

s ~ .it may be taken that d =0 . Tab}e 26 which has been constructed on the

.

DA basis of the experiments of Deacon [409], is introduced by way of 1il- —

lustration. 1In Table 26 h’ indicates the height of the grass upon

~
v

which the measurements‘wéfe taken; U1 and UZ indicate wind velocity i

at a height’of 1l mand 2 m, for which the parameters da , zo and U*
fj’ A . were computed: T, = 7#0*2 indicates the force of friction of the wind .

per cm? of earth surface (see (46.7) and ££f)., It 'is noted that direct.

" measurement of To gaﬁe results close to those calculated by formula

(47.6) [410], Which indicates that this is a promising method of calcu-

lation.

N From Table 26 the increase in turbulent diffusion with the force

N L . .
of the wind and the degree of coarseness of the earth surface is clearly
. ) . .

. apparent,
- 129 -
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" TABLE 26 -

" WIND' PROFILE AND TUNBULENCE OVER GRASS COVERED AREAS AT NORMAL GRADIENT

LTS M uonsed | Uity don | BB g Bheneac™! e o R Y )
' - s 1 * . .
100 1,45 | 15 | 15,9 23,9 0,68 810,
0170 { 200 1,35 6 |.-8,8 35,5 1,51 1190
: 300 1,32 | 2 5,8 45,4 2,47 1430
' 450 1,28 | 32 3,0 57,8 4,00 1570 ! : N
1,5 100—800 | 4,412 O 0,20 | . 6,4—51] 0,05-3,2 | 260—2100 ; ..
. 3,0 100—-800 | 1,440 O 0,7 865 | 0,08—5,0 | 320—2000 , -
- A5 { . 200 11001 0 | 2,65 22,0 0,58 880 - i
' 450 f:i70] o 1,74 4,5 | 2,38 1780 |
. . R RN SRR DD | —

Taking U = const .in the integration of équation (47.5), then

at Dy, proportional to z , the following solution is easily obtained:

- . Uz)'_ - . (47..21): :

D
n==xU'zexp(—-uU'x

, - wpenéé o ‘ !
] ’ _ - A : Nmax = XU"" . . (47 .22)1
- Formulas (47.21) and (47.22) were tested [408] under conditions

. closely apﬁroximating those of the experiments of Sutton. The coef-

ficient z, was equal to 3 cm, wind velocity at a height of 2 m vas
5 m-sec-l, d=0, and U¥ =50 cmesec™l, At 95' =1 gm ! the

.

theoretical "altitude” of the cloud at a distance of 100 m was 16.4 m, ,
- ’ and the experimental value was 10.0 m. The maximum concentration was
(z = 0), theoretical 44 mg‘m—3 , and experimental concentration was

36 mg‘m-a . Furthermore, it was found that n was proportional to
max

..Ul and x™!, in conformance with formula (47.22).

¢ .
The great advantage of formula (47.21) over the formula of Sutton

consists of the fact that i} has been derived fairly strictly: the only ) —

inaccuracy in the derivation of the former is the postulate that U 1is

constant in the integration of equation (47.5). In additionm, formula

(47.21) contains only experimentally determined values, and not coef-

-

_ficients, ‘the values of which may be selected by comparison with experi-

mental data.

-

In another work Calder [404]-approxiMAted the logarithmic profile

" -~ 130 -
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o with thu aid of a gruduuted function (47 8),.fr

om \vhich he i'ound Dt
o S “- *

in fuuction z-

by the method indicatgd and’ solved aquation (17.;),

‘

I v»still not postulnting U'm const

N i e., completely strict dorivation,

Tho forqua obtained in this way is not included herein because of its

.,' complexity,

but it gives a better comparison with experimental data than

- formula (47.21),

¢ - Deacon [409] gives an analogous derivation for non-adimbatic
.; gradients, starting from the profile

AR RN Lin S R

2 .~ 1n which (3> 1 in the case of a Superadiabatic gradient, and (5(1

.. ) ,/: in the case of inversion. Both cases give a satisfactory conformance )

A . iwith experimental results. TFor the profile U= Ul(z/zl) Frost [411]

derived a iormula ror n(x, z) ., It is noted that the caloulation of

D¢, for the wind profile is possible only at a height at which the value

of «x may be taken as constant and equal to the force of friction of

o the wind at the -earth surface Ty ¢ i.e., up to the order of several tens

. ’ of meters, Thus, the formulas for concentration in a cloud, derived for

-

A a normal gradient, are true only at a distance on the order of several

L. hundred meters,

<

(3N
.

In view of the above mentioned peculiarities of horizontal dif-
. fusion in the atmosphere the case of a point ‘source at the surface of-

fers several fairly large difficulties. Through semiempirical methods ’

i ’ Calder ' [40€] derived the following _formula for’'a normal gradient;

, . _ou U (v, - » " ,
- - n= ZK’BU"z‘ exp [ xU'z(F + z)] ' (47'24) -
~. > . whence" d !
: B ~0 ., " nmax - T’%‘ v' , (47 25)

where gﬁ is the output of the source, and

squared speed of horizontal and vertical pulsations,

@ 1s the ratic of the mean

the value of which~

: . 'may be” determined easily by experiment A test of this formula under ' :

i
,

‘the above described meteorologicnl conditions (in connection with

- 131 -
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- ‘ T,

D a3
v v‘,. !

¥ 'i'he altitude

uw.:(-. o . e

t(l.e., the same as for a linear, source), the width ot the cloud- '

K . ;.‘\‘ f 1 '

[
: theoretical“ 41 m, experimenta1‘35 m;’ .nma'x‘ at é =1 g-sec.1 theo- '
. -

.?.éﬁical:z.s Hg* mma-’—,‘ 'end experimental 2.0 mg'm 3‘. . The law of decrease .
- - - s l A4 I ,'

.o .

of nmgx with x’ theoretical Ppax proportional to x -1 ..and ax-
J Y ‘l’< TRARY < FE

. '. k4
. Y &

.

At gl oL e -

P :
; Dependence ot nxna.x; on U’:'; theox:ettcal and ex-"

RENNR perimental 'x"f{ 8,
’ 1, ’ 1 FIY :’3 ‘fy t v !
' penimental “mn foportiona\l“to U It 1§ necessary again to note
- "th‘at ﬂge tormula fgr a Paint source must be i\cludgd in the natnre of a . K.

\4:'-)'.‘-, lf

substantial factor of time, durirrg which the concentration méaBurements
- are made ‘at various points which 1n the experinents of Sutton. and Calder

N Were 3 to 5 minutes. 'rhe ‘fact" that the Etormulas of both autnogg giye-. T 4,,"

- " more or less similar r’e"sultg ‘4s'explained mainly by-the "decay" of the

b TG Lt -

o "~ " Sutton coefficients Cy and 'Cz as a.result’of measurement. . .
. - ) r . . L. . N

- . . te . . ‘:9 ”

A recéntly “published work:.of Crozigr and Seely [573] describes

a study of the distribution of cpncéntrétion in an aerosol_ issuing from - N-.

a point source on the earth ‘sdrface_, aldngA the horizontal axis, pre-

pendicular to the direction of thelwind. 'I'he test took place in an air-
N )

plane Ilying through the aerosol stream at various altitudes. Thus a

N

practically momentary determination of the distribution of concentration f

was attained. it was shown that even as far as, several tens of kilometers

Iron the source the concentration ot ~the aerosol was' approximately pro-

'\v - .
-

portional to ‘exp(By“) . whége, ¥ is the dxstance from the momentary :

A . . o

. axis of the Stream, B is a conétant, and nx 1.,‘-1 , which 1s fairly

> lewn " . t

close to the Suttun index df P 0'~ (see (47.13)). R . L
e M - : .

! . . oA .

. N n .- C. o e et
In the opinion of the 'present author, .further .progress in this

field will xequire: oo T D -
oo e et P . R o R R

©1. perfection, by theoretical and experimental means, of present . -

.

known- on the magnitude of vertical Eilerian diffusion as a function ot
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. - - PP N e L -
i - ¢y N <;)€ sy “’ i '!.

l'd!.rection' during recent times by'Soyiet geophysioists X
' e, . .

o K
- PN
~ .

e

e

2. conduct of similar research on the Biler

‘;“ - ,‘",.w . RE,
- fusion in the function of time of qbservatio’n t

¥ ) -
Ed “l. s

aa\::. s _Am?arently noﬂ;ing has been done a.lo;xg thi.s lina, and’ thus_

)
teniued :functions

f"‘ B

7 vt oal,

3. 1nsert10n o:t experimentnlly

. \‘\:

th(z) and Dty(z, t) in equation (47,

\(.
. ~

of weather and locality. P

T ' b L B,
The dissipation of snokes, gases and aerosols discharged 1nto the i -

. ‘4 atmosphere by factory smoke stacks is. of special 1ntex:est tor communa.l hy- .
% R » - e ;" ,.-'c‘ %

gifne. In this case the concentration ot polluents 1n tho air n.t the .

i »( . o
earth surface 15 important, the following expression :ls obtained through. .

!ormulas (47.15) and (47.16) for ‘these concentrations: ‘j.

- —<4.-‘~-- e F o .
200 H - -
n =t————eXp. [ ——— ) - » 4
IV i "-( ) - (726’3 ‘ .
for a linear source with altitude H . and oo S ' __‘._:" . e
- ’ = 0 R X I . - -
- n = —— X -— —— | . e
| SR - =) B B
for a point source. . T "M E
In this case the values listed in Table 25 must be used for éy SR
- 1 A ‘
"- and C, . Ce e : BRI
. . m ) o ‘:‘x‘" . <
. -t Sy ~.):
Bosanquet and Pearson [413] obtained other expreSIionq,. for. con= .

centration at the earth surface. In these derivations they t;ook ass

'r A,'»l LN

their starting point the following formula for a linea source a.t the

"
ear'th surface: 0 '""’.
. : U’ :
- " - N
% . .

where b, is an empivri'ca; coetficient. °

« . RS

‘¢ -:v13§ = ’ '
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with the postulation‘that Dt is pro-'
B, ) ] . NI

‘\.
portionul to z N and that U . const ’ analogouslj to tormula (47 21),

nd is converted hto tho !ormer 'if it is assumed that b -, )cU*/U s,

. \»' ER

& nd Pearson,propose.am theory of reciprocity"'

i ~"v. e LN s S P

.caa earthm ur!ace concentration of a cloud issuing from- a linear source

5 - '

of altitude H at 'D%z proportional to z , is equal .to concentration

at altitude H of a cloud 1ssuing from a linedr’ source at the earth

v .

surface? From this !ormula L s . .

- [ [ 4 . s \ ¢

- P Poo= j e """ s (47.29)
T AN T

.

@yt e el it

L

. . Nt . Lot oo
is obtained.. T PR ' o e N
From a‘point source these authors give the following semiempirical
- L - . - ..
formula- “
. n_, ————-——- 4130_
. ) Vz by bu:- 'P( s 21:'_2) ( )

.

+

where by’ 18,p§coefficient anaIOgous;to bz ’ and’characterizes the

~ °
.

horizontal diffusion. . I -, '
’ - "‘ ,) S -
In the experimental determination of the degree of pollution of

the atmosphere resulting from the discharge irom factory chimneys, there

€

. are very great fluctuations in the results, neutralized data are very
inaccurate, and thererore it is fairly difficult to judge which formulas

(Sutton, or Bosanquet .and Pearson) conforn«the best . to reality. “As a

< -

result of numerous experiments, several authors [414 415] arrive at

the conclusion “that "with' proper selection of coetficients these formulas ~

give approximately,the same degree of conformity with reality. 2

.

In the«appltcation of these formulas it must be taken into account
b s At
also, that gases 1ssue from a smoke stnck with a high vertical speed

Bl

¢ .

.‘ ‘, Se }x. ,‘«..

The calculation of the rising of a smoke stream above the smoke stack

nnd thcir tcmperatuxe is: much higher thaﬁ’that,of the surrounding medium.

v
N .
s PO AN i s N

because of these factors is given in the monograph cited earller in.

th1 sectlon, ana w111 not be 1ncluded her e, wn
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Y, chim

RN g

"whichuthe conce
. «l'

b

the maximum concentration r qui?q

e

3 (A y A
sk
6.’

fe.
$ ‘;.u

Thqe.irom Iormula (47 27), we ootaln

oW, L ey
tionrof t
NI ‘1. :,g o
At '-«.v

Pt TR e

P x,,..,‘_ﬂ’/'/c‘"» e e

v

:J(47:3'2) -

- o AR « . P = 2¢ Cz/“CyUH’e, ’ \
v ' ' e . - ‘Qild ‘:from Iormulax (47.30) we have o ‘ . ) . /
A Lote . Tmax=H[2b, . ' ) (47 33)
R Lo . nem x4 w/mww 3 . 3) S
1ey " L e ot . .

" Because 2/s, is close to 1, wé obtain the following conclu-

AR

gion from both tormulas, which has practical importance- the'distance T

r

from the chimney to the point of maximum polliution of the air is pro—

- - N
B

N portional to the’ height of the chimney, and thexmaximum4concentration

S . ' el .‘,, .

. ‘f offpollution 1is inversely proportlonal to the square of ‘the height of

the chimney and the wind velocity. For further details the reader is i

. o . >
s N . A 4,

referred to the monographs of P. Andreyev [396] and G. Sheleykhovskiy [395]

* » s - . " .

»
. '

- In conclusion, mention must be made of the external appearance of ~ - .

- N
fan aerosol stream issuing from a smoke stack [416] At very small values
of D;, which occurlat 1nversion, a'very narrow vertical stream is ob»

.. P A "

tained which widens very gradually. The stream is sharply defined at a’

. " .
v

very great distance from the chimney and is bounded by two straight lines

> .

s ’ «intersecting in an angle of only a rew degrees. However, in a horizontai

plane the stream is sharply bent, which clearly indicates the difference

.

» B . LT PR

between vert1ca1 and horizontal dlffusion. L , Coe L .

. R .-
’ .- ' P “ -" . -
,_.f,. - FUIR ¥

- ' P At a normal adlabat1c gradient the angle of solution of the 'ic,*

stream is much greater. Upon careful observatlon it may be detected
P DI R B

B i A, f v

- that in vortexes with horizontal axes the rotdtlon is° %uch that they

~ - ”,
. (I ~ 2 "
~ . [N - Lot

almost touch the underlylng layer of air. Actually, in this case tur=

- . » L

bulence xs caused malnly by local convection currents which arise.
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2
N .

fe s, becau e 5 4 uneven

S ‘ . ?"«, = o
tion photographs are'included (Figure 69) ofnsmoke streams‘
,:'; R 4‘\!"' b
veﬁocity of 10 m secr at the leve} or thelﬁop ox thexchimh
- * v 5‘{ i “’: o A !.
- gnrious valueg of the Eiler coerficienx oi*mertioal diffusion expressed CoaE

st s . . [0S S
EAtY . A ‘;w,\ ot AL \a“‘ P ‘;v RN N .

2 lu‘

RN

in cm -sec

©

Tl . '::

o -48.

e

L

- Turningst lthe-problem of the moiement in the atmopshere of
- NI o *

A ). .
" coarsely dispersed-aerosols with a marked,rate of precipitation, we - N

» oty 4 ot 3§ s 't

note the following9 the movement of concentrated cloude issuing from

T e

any source is at iirst determined by. the density and size ot the clouds

Xtv ~» 3 o

moving as a whole with the gas in which they are contained (see para-
i o « DY T
D . = graph 13). In particular aerosols of - thermal origin have g much higher

T

&

L N - . .
‘htemperature than the surrounding air, and because of this they have a
- . Y <

o,

considerable initial vertical velocity. -For-aerosols iseuing from verti-

o

.

cal tubes, the speed vauired by the aerosol .in the tube iF added to i ;‘.

»

_ ] the latter. At the time when the temperature ‘of the cloud levels out

with- the temperature “of the surrounding ai_fdue to turbulent mixing the

b
K3 “4. . d

denaity ot the’cloud and of the air are practically equal and this type | - | *
‘Y w e - ":ZIA-‘

of movement ceases. Here the influence of gravity appears in the pre=

v

\

cipitation of particles with relation to the medium. As mentioned above,‘

- 2
. v
- ’ 2 . v

for isodispersion clouds a uniform precipitation of the" cloud oi speed li' )
v§ is superimposed on its dissi;ation; the'former correSponding to the '
speed\of.precipitation of particles
'cloudxmay be con;idn ed as consisting of several isodispersion clouds
- N ,,-'_w- ) . . can st ! . T —
precipitegingfet“v§€19u§_speeds. ;.:

0 stable air. A polydispersion " . ' I

N s
. .

‘fa e £rom- a}m9v1ng cloud or aerosol stream,

,r__,z“ PR
U .- - i

o y d
~. "dnd which has preat prqctical 51gn1f1cance, is very difficult.,-ln tﬂ
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X
w0 FEN

'Adistribution\for gaseous mixtures desoribed

b ‘P

wbich Eheuconceqtrqtion of. the aero ol at

?? f°”m¥‘1“' "’; ,qfr«. i‘-"\\ I.‘\
'

.:‘r‘

*If‘

3

b

§treqm (for'example' ' s m ntioned following Tab

‘.. 53 2

Es e .
Vg C‘: 0, 1 mm) this’ simplification 15w*1

3

v

-This caee waa'described by Johnston‘and.his*assoeiates‘y

EE

the aerosol particles'drop a distance“
- . * = {, -i , ’

vst“ with"r gpecﬁ'po non—precipitated particles. Johnston“substituted
- 3

s

[k

£ concentrations in\gn aerosol stream., '
¥ e , ,’M«.'" :;,..‘mg ’
i Thu§~ it is proposed that the distribution~o£ concentrntion in’ precipi-.

a A -

tating(and nonprecipitating streams is the same k2 However, this is

possible on1§ 1n the case of constant wind~velocity (independent of z, )

. ‘;“ . ‘,.’

. and constant coefficient D£‘~" In actuality, dissipation in an aer, o

-

stream will ditfer _more greatly from diss1pation in a nonprecipitating

stxeam in proportion to the precipitation of the former.

\

After “the, above ment1oned substitutions in the formulas ot type -

(47 15) and>(47 16) Johnston multxplied fhe second member 1n the two- N

group parentho es by the coefflcient of reflection-'oﬂ aerosols by

p-; R & , 5 . &

the eartﬂ'é&jg At: o =31 the fOrmulas obtaxned correspond to a. smoke

B Coam T JS ~ S 2T s AN E

stream, reflected from the earth 9§ = 0 the stream piecipitates as

though the earth was compietely
»
- . 4,,,,' _4_\4‘
3 erroneouely.assuMed that [

N 4T el -
the earth surface'
under,paragrgphlés; I.‘




W e o is~obtained.
oAy "

From,tHi
' lation of OL according,‘

-\c_.- i}—

a' R
S N - 4 ;
T " with .an, increase inw?he

.,.‘ 4 : g K i v .
'£rom the source, passes'through 0 and

i i
.

AR

- at "% -§ao approaches -1 .‘ This result clearly indicates that co- . ', ,{;4__

. ’
. a

: efticient cx has’ no physical concept ‘and that’ the formulas . propose'”‘” b

o TN -
¢ e o - .;, D

. by Johnston are in substance, empirical. This Work has been given in

o b
oo detai1 because along with the completely unfounded formulas of Bosanquet

. o b t,'

N - . ) N
Y

1iterature. . . L .
» . ! a N ) - K A

[413] these two works ‘are the only references to thie problem in'the

.

3 v e T - - " s
v

A strict solution of this problem requires (in the case of aw

.y P

7

linear source) starting from the differential equatior (47. 5), with a | -

.

i - aupplementary member necessary for calculation of 1:»1'ecip:l.te.tion°’~ .
. M H . . I an a
i - ( Uc V n (D', )

. " . [ ) - L ri
PR v A " - ¢ ’ ‘.“ "‘ N (c'-, . ° w . - “.A -

LT and solution of this equation, giving theoretical or experimental ex-' o -

N

" ’ pressions Ior U and D" in function z with limiting condition

t (48.1). \Nevertheless, an approximate solution ot this problem which_ "x

[ . o
el

is sutiiciently accurate for practical purposes is possible by much

. s . . . - . .
0 e - , . . -1

simpler means;.ﬁ T e xS N ) . .
: - .. . R s

- v " T

; . Davies [418] investigated the .case’ of thé precipitation of a

cloud consisting of-very~large droplets with altitude H ’ emphasizing .u

.t :‘\ B N

not the site at which the cloud precipitates on the earth, but the dis-":
- g L o
- tribution .of, concentration in the precipitate i, e., the Lagrange dir— ;

’ fusion in'the cloud Starting from the theory of Sutton Davies ob—

» .
A $ 2

tained the following distribution formula -

s Qcos0 gt cos* 8 1 2 C B
i 1.: N - n'(xv !I) = C’L. exp (—_ c’L'+ ) y ) N (48.3) 4
B where x and’ y are: the coordinates at’ ‘the earth surface with the s
_ ,origin'in the center o£~;he cloud; Q s the: mass of the cloud- -
b oo o AT . -

» . N
\ Fe + 3 o - :

~- 138 -
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“cloud witulthe vertical (e = arc tan (U/V )); L 15 the leng
- x:"v_, . . i B

the—trujectory (L = H/cos\e) H und T the neutralized 'utton

R R . . ; ng
. Tt '

: efficient,

)? . According to Davies, experiments with weter vapor clouds (€3 ﬁ'd 5 mm) ’

hts
" In ; ; ' ' e

produced at an altitgde of 300 to i 500 m at a normal gradient agreed VS

1th formula (48. 3) In these tests C was determined by special experi- i

v

ments P

[ - - -

.- In conclusion, ‘ention ﬁhet be made again of the wertical dis-
tribution of aerosol particles in the atmosphere. Nuberoue obser&ationé-
have shown that the concentration and average size of particles decrease

Y DX

do proportion to‘tbe gietance from the earth surtace.» There is con-

'tinuous rotation of aerosol perticles in the atmosphere: along with pfeﬁ .
o - ! . - .. . T v

.

cipitation there is the~r6Verse process of the. formation End_diseipatfon'

- '

of particles in the atmosphere. It is not very accurafe té‘speak here

. A ‘s

) of any average statlonary condition,tbut theé . iormula previously 1ntro-

duced under (45.2) is‘repeated even for a determined distribution of

particles agcprdingvto altttude: ;__
. s c e Ty

ST memm ol

-which connects the distribution of particles of a given size (charac-4

. ‘ PERNKS

terized by speed V ) with altitude and the turhulence of. the atmosphere.
e

L o - . . . . ) . ;
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. Pigure 25.

ey

FIGURE CAPTIONS

[Pages 7-25]

Dispersion and basic properties of aerosols. [within figure,

Figure 1.

top to bottom]: Radius of particles, cm; Resistance of the

medium; Rate of evaporation; Rate of cooling; COagulatioﬁ

constant; Light diffusionj Range of microscopic visibility;

Range of ultramicorscopic visibility; Predominance of diffu-
1

sion or precipitation; piffusion; Precipitation; Vapor

pressure; (water droplets).

Pigure 2. Differential curves of distribution of pigticle pize. [Within

figure]: length of particle.

Figure 3. Integral curve of distribution of particle size. [within

figure]: 1length of particle.

Figure 4. False curves of distribution.

Figure 6. Origin of false curves of distribution. [Within figure];

' length of particle; length of particle; length of particle.

Plgure 6. Distribution curves in a probability grid. [within figure]:

Radius less than T ; léngth of particles.

Pigure 7. Distribution curves in a probability-logarithmic grid.

[within figure]: Radius less than r ; length of particles.

[Pages 59-67] {No figures]

[Pages 107-123]

- Figure 24. Precipitation of particles in a condensger.

pifferentisl metho& of determining mobility.

Figure 26. Usual method of determining mobility.
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mCﬂaracterigp;cs;ofgaerégols with one and two mobility values.

éharacteristie'cf-an aerosol with continuous determination of

mobility.

146-~152]

42, Profiles of various‘slit apparatuses.

43, Field of flow in a slit apparatus.

44, Efficiency of slit apparatuses. ([Within figure]: Davies;

Wilcox; Ranz and Wong; May.

Léagea 175-189]

;igure 50, Distribution of concentration of an azrosol near a flat wall,

Figure 51. Distribution of concentration of an aerosol near an openiné.

Figure 52. Precipitation of Brownian particles.

Figure 53. Distribution of concentration of an aerosol im a vertical
flat~parallel slit.

Figure Distribution of concentration of an aercacl in a horizontal
flat-parallel slit.

Figure Change in the concentration of an aerosol in a spherical vessel.

Figure Change in concentration of an aerosol in a cylindrical vessel.

Figure Drop in concentration of an aerosol when passed through a

cylindrical capillary.

[rages 215-219] [No figures]

[Pages 220-258]

Figure 65. Precipitation of an aerosol on the bottom of a chamber.
Figure V&rtexial precipitation of particles behind an obstruction.
Pigure Air vortexes before and behind an obsfruction.

“Figure Aercsol stream in turbulent atmosphere,

Figure Smoke streams at various degrees of atmospheric turbulence.
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